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Abstract 
 
The objective of this project was to study and develop a novel thermodynamic system 
designed to address the challenge of renewably and simultaneously producing electricity and 
fresh water. The combined water desalination and power generation unit (CDP) converts hot 
brine, available from renewable energy sources including solar ponds and geothermal aquifers, 
into a mixture of vapour and concentrated brine by using a trilateral flashing cycle. The 
flashing process of the feed brine occurs during expansion through the nozzles of a two-phase 
reaction turbine, which is installed in a chamber which is maintained at a low pressure and 
temperature by an internal water-cooled condensing coil. The reactive forces from the flows 
exiting the nozzles generate torque on the turbine rotor, which is coupled to an electrical 
generator for power generation. At the same time, the vapour component of the mixture is 
condensed on the cooling coil as fresh water.  
 
A series of tests has been carried out on the CDP unit, in order to examine its performance in 
terms of power generation, fresh water production and efficiency. Two different turbine 
systems have been used respectively, being a simple reaction turbine (also known as a 
Barker’s Mill turbine), and a novel disk turbine, with the primary focus of the project on the 
disk turbine because of its unique design.  
 
The CDP unit was initially tested with the simple reaction turbine installed, and a maximum 
power of approximately 430 W was achieved, at a rotor speed of 2350 RPM. For a system of 
this kind, the essential process for power generation is the conversion of thermal energy of the 
feed brine into kinetic energy and thereby into mechanical power by means of the two phase 
turbine. The design of the turbine is therefore a critical aspect of the CDP unit. The novel disk 
turbine features a unique rotor design; a good aerodynamic shape and a distinctive spiral 
nozzle flow path.  The tests results show that it rotated typically at twice the speed of the 
simple reaction turbine, and therefore generated more voltage from the same generator. 
However, slightly less power has been produced at the current stage of development. Possible 
reasons for the power reduction include excessive mechanical friction and the inability of the 
rotor to sustain steady state operation.  
 
Results for fresh water production are also presented, indicating a recovery ratio of 15 – 20 %, 
which closely follows the theoretical prediction.   
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In addition, an isentropic efficiency of approximately 10 % was achieved for both turbines. 
Knowing that the CDP unit incorporating the disk turbine has a great potential for 
improvement in power generation, its isentropic efficiency is expected to increase with further 
development.   
 
As potential heat sources for the CDP unit, several renewable technologies including solar 
ponds, solar evacuated tube collectors and geothermal resources, are described.     
 
The present work will be carried on to a further stage of development through a joint research 
project established between the Energy CARE Group at RMIT University and Greenearth 
Energy Australia. The collaborative program aims to develop a dual geothermal system for 
fresh water production and power generation, by utilizing hot geothermal brine at up to 150 
°C as a heat input to the CDP unit.  
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 Chapter 1 Introduction 
1.1 Background 
There has been growing concern over dwindling natural supplies of water across much of the 
world in the wake of hotter and drier shifts in the climate. Within most areas of Australia the 
supply of natural fresh water is struggling to meet increasing demand for agricultural, 
industrial and domestic uses.  
Water is an essential life-sustaining element. The past decade has seen increasing water usage 
for food and energy production to meet the demands of a growing population, and the latter is 
a continuing global trend [1]. There are numerous projects underway to supplement fresh 
water supply in areas of potential shortage, for example through desalination of sea-water. 
Australia's largest desalination plant will be located in the Wonthaggi region in order to 
supply up to 150 billion litres of water per year to Melbourne, Geelong and, indirectly to 
South Gippsland and Westernport towns. The plant will be capable of providing 
approximately one third of Melbourne's annual water supply from a source which is 
independent of rainfall [2]. 
However, the commercially favoured Reverse Osmosis (RO) technology for fresh water 
production from saline water requires large amounts of energy in the form of electricity. For 
example, a typical RO desalination plant consumes approximately 4.6 kWh of electricity for 
each kL of fresh water produced [3]. Currently electricity is generated from predominantly 
non-renewable and polluting fossil fuels and its generation is largely centralised. As with 
water, the demand for renewable electricity with no carbon footprint is increasing, which 
drives the renewable energy industry to rapid growth.  
 
Despite significantly stronger growth than that of fossil fuel generation, the renewable sector 
in Australia remains a minority contributor at approximately 9 % of total electricity 
generation in 2009, as shown in Figure 1.1. The right hand side of the same figure shows the 
targeted energy sector distribution for the year 2020.  
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Figure 1.1: Australian energy sector at present and future 
 
Figure 1.1 shows that coal currently provides 83 % of total electricity generation, with the 
consequence that Australia still relies heavily on large-scale coal-fired power stations. In 
particular, in Victoria, the coal-fired power stations are the most carbon intensive of any of 
the five states because of their reliance on brown coal, with each MWh of electricity 
producing 1.15 tonnes of greenhouse gas emission [4]. 
 
As a strong incentive to boost the renewable industry, the Australian Government's 
Renewable Energy Target (RET) has been established to encourage additional generation of 
electricity from renewable energy sources to meet the Government’s commitment to achieve a 
20 % share of renewables in Australia’s electricity supply in 2020. This target basically 
requires the collective purchasers of electricity to introduce an additional 45,000 GWh of 
renewable energy per year by 2020, as presented in Table 1.1 and Figure 1.2.  
 
Table 1.1: The yearly targets for RET [5] 
Year Target (Gwh) Year  Target (Gwh) 
2010 12 500  2016 27 450  
2011 14 825  2017 32 050  
2012 17 150  2018 36 650  
2013 19 050  2019 41 250  
2014 20 950  2020 45 850  
2015 22 850  2021-2030 45 000  
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Figure 1.2: Annual Renewable Energy Targets [5] 
 
In summary, water and energy supply are two of the main issues the world faces. The threat of 
water crisis in Australia brings focus onto concern about the availability of the fresh water. At 
the same time, environmental relating to climate change and resource depletion have become 
the drivers of demand for low-emission renewable and sustainable electricity generation 
technologies. As a result, there is a strong need for this research project concerned with 
combined production of fresh water and electrical power generation using solar thermal 
energy. Within this context, Combined Desalination and Power generation (CDP) is a 
technology of great interest and with potentially high value and wide application [6].  
 
1.2 Objectives of this research  
The overall aim of this research project is to investigate improvement to the existing 
combined desalination and power generation unit (CDP) developed in the Thermodynamic 
Laboratory of RMIT Bundoora East Campus, in terms of system efficiency and power 
production, are the main deliverables of this research.  
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The specific objectives of the project are to:  
 
• Investigate improvement to the existing combined desalination and power generation 
(CDP) unit, in terms of system efficiency and power production, which are the main 
deliverables in this research 
• Modify some of the key components of the CDP unit in order to achieve the 
performance benefits 
• Replace the original convergent-divergent nozzle of the reaction turbine with the novel 
disk-shaped nozzle with spiral flow-path, which is designed to increase the turbine 
efficiency [7]  
• Investigate design improvements on the condenser such that a lower condenser 
temperature can be achieved. Plate heat exchangers are the preferred type for that 
purpose 
• Determine other factors contributing to increased chamber pressure during the test 
such as dissolved air carried by the feed brine, as high chamber pressure adversely 
affects power production. In relation to that, ways of de-aeration of hot brine prior to 
entering the CDP unit are investigated  
• Identify viable renewable technologies to integrate with the CDP unit for further 
research and development 
 
1.3 Research questions  
In order to identify and apply an appropriate methodology to solve the problems associated 
with this project, several research questions were established, and addressed as follows:   
 
• What are the optimum operating conditions for the CDP unit, in terms of some key 
operating parameters including electrical load and feed water flow rate?  
• What effect will the proposed new turbine unit with a disk rotor have on the CDP unit 
performance including power generation, fresh water production and efficiency?   
• During testing the CDP unit, is the dissolved air in the feed hot water a main 
contributor to the increase of chamber pressure? Or, is the pressure rise attributable to 
inefficient condenser design, which leads to consideration of installing plate heat 
exchangers?  
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• Which type of renewable heat source will be most feasible in conjunction with the 
CDP unit?   
 
1.4 Scope  
This thesis covers the experimental studies of thermal desalination and power generation 
technologies coupled with renewable energy heat sources. The heat engine for power 
generation is a two-phase reactive turbine driven by the expansion of the feed hot brine, 
which features Trilateral Flashing Cycle thermodynamic process. Accordingly, the 
desalination system investigated is a Single Stage Flash system. This study also examines 
different nozzle designs and compares the power generation performance and efficiency 
between turbines of different configurations.  In addition, the present work also covers the 
computer simulation in order to carry out a stress analysis of the turbine.   
 
1.5 Methodology 
The methodology that has been followed through this research project to achieve the 
objectives and address the research questions are listed as follows:  
 
• Review on the literatures to understand the fundamental knowledge about two-phase 
flow, including thermodynamics of trilateral flash flow, two-phase reactive turbine 
nozzle geometry calculation,  and previous development of the CDP unit 
• Perform tests on the experimental rig of the CDP unit to examine its performance in 
terms of power generation and fresh water production 
• Optimum operating condition of the CDP unit is to be reached by properly setting the 
key testing parameters, which would result in the best power generation output 
• Necessary modifications are carried out aiming to improve the power generation 
performance of the unit 
• Replace the simple reaction turbine rotor with the disk rotor, which is designed for 
high speed rotation. The performance of the system is studied and compared to the 
previous one  
• Conduct research on the concept of dual geothermal system for fresh water production 
and power generation, which has the potential to effectively utilise the lower 
temperature hydrothermal waters in Australia  
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Chapter 2 Principle of the CDP Unit 
 
This chapter gives a background on concept of the CDP unit and its working principle, which 
emphasizes the novel Trilateral Flashing Cycle (TFC) and comparison against conventional 
thermodynamic cycles.  
 
2.1 Concept of combined desalination and power generation unit  
The combined desalination and power generation unit, also known as CDP, has been designed 
and developed by Yuchun Zhao and Aliakbar Akbarzadeh [6]. The fundamental working 
principle of the system is briefly described below.  
 
In the CDP unit, saline groundwater is first heated to a temperature of 80 – 90 °C by a 
renewable energy source, such as a solar pond, solar collectors, a geothermal heat source, or a 
combination of those sources. The heated groundwater then enters a chamber under vacuum, 
with its pressure maintained at a low level by an internal water–cooled heat exchanger. This 
hot brine flashes through a two-phase reaction turbine, featuring two convergent-divergent 
nozzles. The turbine is coupled to an electrical generator for power production [7]. This unit 
will be described in more detail in the next chapter.  
 
As a result of the flashing process, a mixture of low-temperature concentrated brine and water 
vapour is produced. The vapour is condensed on the heat exchanger cooling coils to form 
fresh water which is collected, while the liquid component of the mixture leaving the nozzles 
falls onto the bottom of the tank as more concentrated brine. This brine is collected, and 
reheated for a second stage of the same process, or used as the feedstock to a salt production 
process.  
 
The flashing of hot water and the partial phase change causes a substantial increase in the 
specific volume of the mixture, as a result of which a high-velocity jet is produced at the 
nozzle outlet. The reaction force from this jet drives the rotor and hence the generator to 
produce electrical power (See Figure 2.1).  
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Figure 2.1: Schematic diagram showing principle of CDP unit [6] 
 
 
2.2 Thermodynamics of CDP unit  
2.2.1 The Working Cycle of CDP unit  
The CDP unit is designed to work under a relatively novel thermodynamic cycle, which is 
trilateral flash cycle, or TFC. It is conventional to regard the Carnot cycle as the ideal cycle of 
a heat engine operating between a given heat source and a sink, in order to achieve maximum 
cycle efficiency. As a result, for instance, it is used to serve as the ideal model for geothermal 
binary power plants [8]. The Carnot cycle presumes the availability of thermal reservoirs of 
unlimited capacity, which leads to the idea of isothermal reversible heat addition and rejection. 
In reality, however, most of the available heat sources are finite in extent, with their 
temperature falling with the withdrawal of heat. In this case, the trilateral flashing cycle (TFC) 
can be used as a more appropriate model for binary plants, as devised by Smith [9].  
 
2.2.1.1 The advantages of TFC over conventional thermal cycles  
It can be shown that a TFC has the potential to recover more power from a low-temperature 
single-phase heat source than conventional cycles such as Carnot and Rankine cycles. The 
main reason for this is the minimization of irreversibility in the heat transfer process between 
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the source and the working fluid. The recoverable heat therefore increases almost linearly 
with a rise in resource temperature. The associated gain in power output per unit resource 
mass flow rate is even greater because the additional heat is transferred at a higher 
temperature. It is thus converted into work more efficiently [10].    
 
Although the cycle efficiency is lower than those of the Carnot and Rankine cycles, the 
overall conversion efficiency from thermal energy of the heat source to mechanical energy is 
greater. This is because of the superior ability of the TFC to extract sensible heat compared 
with a single Carnot cycle when the heat source is of finite thermal capacity. An example 
follows to illustrate this comparison.  
 
Figure 2.2 shows a simple schematic representation of a conventional geothermal binary 
power plant operating with a finite heat source, the temperature of which drops from 150 ºC 
to typically 100 ºC – 140 ºC as the flow is returned, depending on the flow rate of the heat 
source fluid. The condensing temperature is maintained at 30 ºC by the cooling water.  
 
 
Figure 2.2: Schematic diagram of a geothermal power plant 
 
Figure 2.3 to Figure 2.5 illustrate the T-S diagrams for the cycles under consideration, 
including Carnot cycle (on the left), and trilateral flashing cycle, or TFC (on the right). The 
shaded areas on each graph represent the extent of irreversibility of the cycle. It can be seen 
that, as the temperature drop in the heat source becomes greater associated with a decrease in 
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its flow rate, the temperature matching between the source and working fluid becomes worse 
for the Carnot cycle, which increases the extent of irreversibility. In comparison, the extent of 
irreversibility is reduced for the TFC, which is attributed to improved temperature matching. 
Therefore, with heat sources of limited capacity and flow rate, as illustrated in Figure 2.5, for 
the same amount of heat extraction, the ability to make use of this heat is clearly greater for 
the TFC. This demonstrates why the TFC is favoured as the model for geothermal binary 
power plants [11].    
 
Figure 2.3: T-S diagram for Carnot Cycle (Left) and TFC (Right), with heat source fluid of high flow 
rate. 
 
 
Figure 2.4: T-S diagram for Carnot Cycle (Left) and TFC (Right), with heat source fluid of medium 
flow rate 
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Figure 2.5: T-S diagram for Carnot Cycle (Left) and TFC (Right), with heat source fluid of low flow 
rate 
 
2.2.1.2 Calculation of the ideal TFC efficiency  
 
Figure 2.6: Schematic of a Heat Engine 
 
To start with, it is necessary to work out the cycle efficiency of a trilateral flash cycle. Figure 
2.6 shows a simple schematic of a typical heat engine, with dQ denoting the infinitesimal 
amount of heat supplied from a finite heat source of temperature T, which can be given by: 
 
dQ = m cp (-dT) = - m cp dT 
 
2-1 
 
where ‘-‘ indicates a drop in the heat source temperature.  
 
If the trilateral cycle efficiency is η , then 
 
       
       Heat Source (TH) 
       
       Heat Sink (TC) 
 
Heat Engine Work (W) 
Qc 
Finite Heat Source 
dQ 
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dQdW
dQ
dW
η
η
=⇒
=
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At this infinitesimal segment of the trilateral cycle, the maximum efficiency is that of the 
Carnot cycle. That is,  
( )dTmc
T
TTdQdW
T
TT
p
C
C
−
−
==⇒
−
=
η
η
 
where Tc is the condenser temperature, or the heat sink temperature 
 
 
2-3 
 
Then, the total amount of work done is obtained from the integral of the Equation 2.3 between 
TH and TL, which are the initial and end temperature of the working fluid.  
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Therefore, the overall efficiency of the trilateral flash cycle, triη , can be derived as follows: 
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Substituting typical operating parameter values for the CDP unit (TH = 85 ºC and TL = 30 ºC), 
into the above equation 2-5 gives:  
CHAPTER 2: PRINCIPLE OF THE CDP UNIT 
 
 
   
   
 
11
 
( ) ( ) %09.80809.027385
27330ln
2733027385
273301ln1 ==
+
+
+−+
+
+=
−
+=
H
C
CH
C
tri T
T
TT
Tη  
 
Alternatively, another method can be used to calculate the trilateral cycle efficiency, 
explained by [12], which is shown below in Figure 2.7.  
 
 
Figure 2.7: T-S diagram of ideal trilateral cycle 
 
Note: TH denotes a heat source temperature, and TL means heat sink temperature  
The work output 
.
W  is given by the area under the triangle 321 →→ , A123. Also, the heat 
input inQ
.
, is equivalent to the area, A12ba31 in the T-S diagram. That is:  
( )( )LHab TTSSW −−= 2
1.
 2-6 
and,  
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Therefore, the trilateral efficiency, triη , can be given by: 
1 
2 
3 
TH 
TL 
Sa Sb 
.
W  
inQ
.
 
outQ
.
 
CHAPTER 2: PRINCIPLE OF THE CDP UNIT 
 
 
   
   
 
12
 
( )( )
( )( )
( )
( )LH
LH
LHab
LHab
in
tri TT
TT
TTSS
TTSS
Q
W
+
−
=
+−
−−
==
2
1
2
1
.
.
η  
 
 
2-8 
 
                                                                                                                                                                                          
Using the same parameters as above, (TH = 85 ºC and TL = 30 ºC), yields:  
               
)30273()85273(
)30273()85273(
+++
+−+
=
+
−
=
LH
LH
tri TT
TTη  = 8.32 %   
As proved, this agrees with the results obtained using the previous formula that is 8.09 %.   
The above formula is derived by assuming an ideal trilateral cycle. In reality, power plants 
designed to follow the trilateral cycle as closely as possible may be compared against the 
maximum trilateral limit case in terms of a relative efficiency, relη , which is defined as: 
tri
actth
rel η
ηη ,=  
 
2-9 
 
where actth,η  is the actual thermal efficiency of the system.  
The thermal efficiencies of several well known geothermal binary plants have been published 
[12], and the relative efficiencies for some of these are shown in Table 2.1. The average 
relative efficiency for these examples is approximately 55% [12].  
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Table 2.1: Relative efficiencies for several geothermal binary plants (ACC, air-cooled condenser, 
WCT, water cooling tower, WOT, water once-through) [13] 
Plant and location Cooling 
method 
 
TH 
(°C) 
T0 
(°C) 
ηth (%) 
 
triη  
(%) 
ηrel 
(%) 
 
Brady Bottom Cycle, NV, 
USA 
ACC 108 16.8 8.0 13.6 59 
Heber SIGC, CA, USA WCT 165 15 13.0 24.8 52 
Husavik Kalina, Iceland WOT 122 5 10.6 17.4 61 
Miravalles Unit 5, Costa 
Rica 
WCT 165 23.9 12.8–
16.3 
19.2 67–85 
Nigorikawa, Hokkaido, 
Japan 
WCT 140 13 9.8 18.2 54 
Steamboat, NV, USA ACC 152 23 7.9 14.4 44 
  
Therefore, the efficiency of a CDP unit can be approximated as 0.55 triη , which indicates that 
for the example considered here: 
 
%45.4%09.855.055.0 =×== triCDP ηη
 
 
2-10 
 
2.2.1.3 Comparison between TFC, Carnot and Rankine Cycle 
The following discussion compares the trilateral cycle with conventional power cycles 
including the Carnot cycle and the Rankine cycle in terms of the cycle efficiency and the 
ability to utilise the heat source.  
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Figure 2.8: Schematic of power plant that works under Carnot or Rankine cycle 
 
Carnot Cycle: 
( )
( )
B
cB
BAp
carnotBApcarnotcarnotcarnot
T
TTTTcm
TTcmQPower
−
−=
−==
.
.
.
ηη
 
( ) ( ) Kcc
T
TT
TTc
m
Power
pp
B
cB
BAp
carnot 66.2266.010
273140
30140140150
.
=×=
+
−
−=
−
−=⇒  
 
Rankine Cycle: 
 
The Rankine cycle is an idealised vapour power cycle, which is the main basis for modern 
power generation plants. Various types of heat source can be used for these power plants, 
including combustion of coal, natural gas or oil, nuclear fission and solar thermal energy [14].  
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Figure 2.9: T-S diagram of a typical Rankine cycle 
 
The following notations are used:  
TA = source fluid inlet temperature 
TB = source fluid outlet temperature 
Tc = condensing temperature 
 
( )
rankineBAprankinerankinerankine TTcmQPower ηη −==
..
 
−
−=
in
c
rankine
T
T
1η  
Where 
−
inT is the mean effective temperature of the heat addition process (i.e. 2 – 3), which is 
to be calculated.  
 
Since the process from 2 to 3 is isobaric (constant pressure), the following equation is applied, 
taking advantage of the Second Law of Thermodynamics: 
23
3
2
hhhTds
dhTds
−=∆=⇒
=
∫
 
The left hand side of the above equation is essentially the total area enclosed under the curve 
1-2-3-4, which can be represented by ∫Tds .  
Let Tm denote the mean effective temperature, such that sTm∆ , or ( )14 ssTm −  will be equal to 
∫Tds .  
Therefore,  
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This requires the thermodynamic property of the working fluid at all states, 1, 2, 3 and 4.  
 
T1 = Tc = 30 ºC 
s1 = s1,f = 0.4368 kJ/kg K 
h1 = h1,f = 125.74 kJ/kg 
 
T2 ≈ T1 = 30 ºC 
h2 ≈ h1 = 125.74 kJ/kg (assuming minimum work done by the feed pump) 
 
T3 = TB = 140 ºC 
s3 = s3,g = 6.9294 kJ/kg K 
h3 = h3,g = 2733.5 kJ/kg 
 
T4 = Tc = 30 ºC 
s4 = s3 = 6.9294 kJ/kg K 
 
Therefore,  
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Trilateral Cycle: 
Figure 2.10: Schematic of power plant that works under trilateral cycle 
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Figure 2.11: T-S diagram of a typical trilateral cycle 
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Figure 2.12: Cycle efficiency as a function of feed water temperature (condenser temperature = 30 ºC) 
 
As seen in Figure 2.12, at any given feed water temperature and a fixed condenser 
temperature, the trilateral cycle has the lowest efficiency compared with the other two cycles: 
the Carnot cycle and the Rankine cycle. The Rankine cycle efficiency is the next highest, 
which closely follows the Carnot cycle efficiency especially at the lower feed water 
temperature. It can be also observed that the efficiency difference between the trilateral and 
the other two cycles becomes greater at a higher feed water temperature.   
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Figure 2.13: Specific Energy available for extraction, as a function of feedwater temperature, for 
condenser temperature at 30 oC 
 
Although the efficiency of the trilateral cycle is inferior to conventional thermodynamic 
cycles such as the Rankine cycle, it has been shown in Figure 2.13 that it enables better 
utilization of the heat source. Consequently, with a given heat source temperature and mass 
flow rate, more power can be extracted by heat engines which work under a trilateral cycle. 
The basis of the advantage of the trilateral cycle is that the heat source fluid also acts as the 
working fluid and can be introduced directly to a two-phase expander, and condensed at the 
condenser temperature. In a Rankine cycle heat engine, the heat source fluid is used to supply 
heat to the working fluid through heat exchangers and experiences a much lower temperature 
drop, and consequently a lower enthalpy drop.    
 
2.2.2 Analysis of the working fluid during TFC for CDP unit 
The ideal CDP system is a reversible single-stage water desalination system. The 
thermodynamic process (T-s diagram) for the water going through this system is shown in 
Figure 2.14. Salt water, at atmospheric pressure and ambient temperature (point 1), passes 
through a solar heating system (process 1-2) and attains a higher temperature T2, but slightly 
lower pressure because of the pressure losses in the water heater. The heated brine is 
introduced via a turbine into a vacuum chamber whose temperature Tc (condenser 
temperature), is maintained lower than T2 through a water-cooled heat exchanger. 
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Introduction of the hot brine into a cooler and lower pressure environment causes flashing, 
which results in a mixture of water vapour and brine. In the traditional water desalination 
systems, however, the flashing is in practice highly irreversible and whilst the enthalpy of the 
mixture is conserved its entropy is increased, as shown in process 2-3a. In this process the 
temperature of the fluid is decreased from T2 to Tc, which depends on the temperature of the 
cooling water flowing through the condensing coil. The process 1-2-3a is typical of single 
stage water desalination. In essence, it uses the sensible heat available in the brine for the 
phase change needed for production of water vapour and thus fresh water. However, if power 
is extracted by a turbine, the working fluid enthalpy will fall. This power generation will be 
maximised when the expansion follows the path 2-3b, which is an isentropic process. The 
actual process lies between 2-3a and 2-3b [6].  
 
Figure 2.14: The T-S diagram of the trilateral flashing process of a CDP unit 
 
An example is given below to illustrate the thermodynamic process of the CDP unit, as shown 
in Figure 2.14, based on a set of typical test conditions that can be found in Table 2.2.  
 
Table 2.2: Typical values of parameters for a CDP unit 
(Note: subscripts 1, 2 and 3 represent three different states) 
T1 T2 T3 
25 °C 85 °C 30 °C 
 
The brine is heated from an ambient temperature of 25 °C to 85 °C before introduction into 
the CDP unit, where the chamber temperature is maintained at 30 °C by the heat exchanger 
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using 20 °C cooling water. That condensing temperature corresponds to a saturation pressure 
of 4.246 kPa.  
 
At state 2: 
T2 = 85 °C ⇒  h2 ≈ h2,sat = 355.88 kJ/kg  
A mixture of water vapour and brine at a pressure of 4.246 kPa (P2) having the above specific 
enthalpy would then have a quality calculated as followed,  
 
 
At state 3: 
T3 =30 °C ⇒  h3,f = 125.77 kJ/kg, h3,fg = 2430.48 kJ/kg,  
                       s3,f = 0.4369 kJ/kg K, s3,fg = 8.0164 kJ/kg K 
 
If the expansion process follows the path 2 – 3a (constant enthalpy), it then yields,  
 
 
0947.0
48.2430
77.12588.355
,3
,33
3 =
−
=
−
=
fg
fa
a h
hh
x  
 
This indicates that 9.47% of the hot brine introduced into the system has been converted into 
steam which is condensed on the heat exchanger surfaces and pumped out as fresh water. The 
remaining brine that accounts for 90.53% and now has slightly higher salinity (9.47 % higher), 
accumulates at the bottom of the chamber. 
 
Alternatively, if the expansion takes place along the reversible path of 2-3b (isentropic), 
 
S3a 
3a T3 
T2 
Constant 
Enthalpy  
expansion 
2 
S3b = S2 
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s3b = s2 ≈  s2,sat = 1.1342 kJ/kg K  
 
That specific entropy and a pressure P2 would result in, 
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As shown above, as a result of the isentropic expansion, x3b is slightly lower than x3a. 
The theoretical mechanical power produced as the result of the reversible adiabatic expansion 
would simply be the difference between h2 and h3b. 
 
kgkJhhQ bltheoretica /66.1822.33788.35532 =−=−=   
Furthermore, letting Qtheoretical denote the theoretical mechanical energy the CDP unit is 
capable of producing: 
 
Qtheoretical =18.66 kJ / kg of input salt water 
   = 18.66 kJ / L of input salt water 
    = 18.66 kJ / 0.087 L of fresh water  
    = 214.48 kJ / L of fresh water 
    = 214480 kJ / m3 of fresh water  
 
It is noted that the dryness fraction, given by x3b = 0.087, is also an indication of fresh water 
production, since the vapour leaving the nozzle will be condensed into fresh water. This 
corresponds to potential production of 59.58 kWh of mechanical energy per m3 of fresh water. 
 
3b T3 
T2 
Isentropic  
expansion 
2 
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2.2.3 Pumping Power Required  
2.2.3.1 Fresh water and brine water  
 
The ideal total amount of mechanical energy for pumping of fresh water and the brine from 
the chamber to the surroundings can be calculated by multiplying the pressure difference by 
the volume of the water transferred. For 1 m3 of feed water being pumped out of the vacuum 
chamber, at pressure of 4.246 kPa, to the ambient, 101,325 kPa, would required a theoretical 
pumping energy of:  
 
Qpumping / 1 m3 feed water = ( ) kWhrkJ 027.0079.97246.4325.1011 ==−×   
Therefore, the required energy would be 0.027 kWhr / m3 of input salt water.  
 
If, for example, the fluid undergoes an isentropic expansion process, it reaches a dryness 
fraction of 0.087, as shown previously. In this case, the required theoretical pumping energy 
would be given by:  
Qpumping / 1 m3 produced fresh water = 0.027 / 0.087 = 0.31 kWhr / 1 m3 of produced fresh 
water 
This energy is only 0.5 % of the produced theoretical mechanical energy and is therefore 
relatively small.   
 
2.2.3.2 Cooling water 
In addition, the pumping power required for cooling water, coolingpW ,
.
, is also calculated as 
follows.  
( )downcoolingupcoolingcoolingcoolingcoolingp PPVPVW ,,..,. −=∆=  
where typical testing values are given by,  
coolingV
.
= 2.2 L/s = 2.2×10-3  m3/s 
upcoolingP , = 100 kPa 
downcoolingP , = 40 kPa 
Therefore,  
( ) WW coolingp 1321040100102.2 33,. =×−××= −
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Chapter 3 CDP unit developed at RMIT 
 
In this chapter, the CDP unit developed in the Energy CARE Group at RMIT University is 
described in details, which includes its key components such as turbine nozzles, data 
acquisition system and loads.  
3.1 Turbine 
3.1.1 Simple Reaction Turbine  
In previous studies related to the present project, the reaction turbine, also known as the 
Barker’s Hydraulic Turbine, which features two converging diverging nozzles (Figure 3.1), 
exhibited severely delayed flashing. As the hot liquid travelled along the rotor arms, it became 
highly sub-cooled when reaching the nozzle throat, because of a large pressure increase 
resulting from a centrifugal pumping effect. This sub-cooled water then experienced a 
flashing process which took place along a relatively short converging part of the nozzle, 
where vapour nucleation sites were small and had insufficient time to grow. Therefore low 
efficiency was achieved [15].   
 
Figure 3.1: Interior of the CDP unit incorporating a two-phase reaction turbine 
 
In addition, the existence of large lateral accelerations of fluid in the nozzles causes 
inefficiency of this type of turbine. This strong lateral acceleration tends to separate the two 
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phases and drastically increase the velocity slip loss. The slip loss is the loss of nozzle 
efficiency caused by the vapour moving faster than the liquid [16] 
 
3.1.2 Disk Turbine  
A new turbine has been made and installed in the CDP unit, featuring a novel proprietary 
design of rotating reaction nozzle. The rotor of this novel turbine has superior mechanical 
design to its predecessors, enabling it to run at substantially higher speeds.  
 
The current design has significant advantages over the previous reaction turbine. Firstly, the 
separation force that causes the slip loss between the liquid and vapour phases is dramatically 
reduced. This is achieved by proprietary curving of the nozzles as shown in Figure 3.2. 
Secondly, the new design is expected to have a drastic reduction in abruptness of the flashing 
process.  In the previous turbine design, passing pressurised water through very short 
convergent-divergent nozzles caused delay of flashing, because of centrifugal force, followed 
by explosive flashing. Such flashing is inefficient in terms of nozzle reaction forces. In 
contrast, the novel design effectively avoids the abrupt flashing.  Firstly, the new nozzle 
intakes are much closer to the centre of the rotor. This minimises the centrifugal pumping 
effect arising from rotation of the rotor, and ensures that the pressure at the nozzle entry is 
close to the saturation pressure. In addition, the cross-section of the nozzles changes more 
gradually along the nozzle flow path, resulting in more gradual de-pressurisation and flashing. 
[16] 
 
Figure 3.2: Novel disk reaction turbine rotor 
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This type of reaction turbine comprises a radial outward flow rotor having nozzles satisfying 
the following equation:  
 
02cos
22
=−+
R
uw
R
uw
α
ρ
 
 
3-1 
 
where: 
 
w  represents a local relative velocity of fluid with respect to the rotor,  
ρ  represents a local radius of curvature of each nozzle, 
 u represents a local tangential velocity of the rotor, 
α  represents the angle between a radius vector and a normal to a curved centreline of each 
nozzle, and  
 R represents a radial distance from the centre of the rotor to a point on the curved centreline.  
 
Figure 3.3 below illustrates part of the novel rotor, featuring radially-outward flow nozzles. 
Through appropriate curvature, there is no overall component of acceleration lateral to the 
nozzle. Therefore, separation of the phases can be minimised.  
 
Figure 3.3: Accelerations and velocities in the rotating nozzle 
 
1 
2 
3 
4 α  
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R (1) –  is local radius of the rotor 
ρ (2)  –  is local radius of curvature of the rotating nozzle 
 u (3)  –  is local tangential velocity of the rotor 
w (4)  –  is local relative fluid velocity inside the rotating nozzle 
α
 –   is the angle between the local radius of the rotor and the normal to local centreline of 
the nozzle  
 
Also, the accelerations arising from Equation 3.1 include:  
Centripetal 
R
u 2
=  
Centripetal in relative motion = 
ρ
2w
 
Coriolis = 
R
uw2
 
Streamwise
dt
dw
=   
 
By selecting the local radii of curvature, the lateral accelerations may be balanced out all 
along the nozzle. Therefore, the equation 3-1 should be valid at all points along the nozzle.  
 
Furthermore, because of the design of the curved rotating nozzles, gradual expansion or 
gradual pressure drop without any pressure rise of the stream will be achieved along the entire 
length of the nozzle, as shown in Figure 3.4.  
 
Consequently, sufficient time is allowed for vapour nucleation sites to grow gradually so that 
abrupt, inefficient flashing is avoided. To achieve this goal, the rotor is designed in such a 
way that the hot water in the hollow shaft, 5, is at saturation pressure or slightly higher. After 
entering the nozzle at Point 6, the liquid proceeds along the converging part, 7, of the nozzle. 
The cross-sectional area of the nozzle changes from the nozzle inlet, 6, to the nozzle outlet, 8, 
in such a way that the pressure decreases approximately uniformly per unit of length of the 
nozzle. As a result, the pressure decrease and the expansion are far more gradual than in the 
turbine rotor from the previous design [17].   
 
By starting the pressure drop in the nozzle from close to the saturation pressure, the vapour 
nucleation sites, associated with the small bubbles in the liquid, are an order of magnitude 
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larger than in a highly sub-cooled liquid. The size of the vapour nucleation sites is critical to 
the dynamics of the flashing process. The size of the nucleation sites can determine if flashing 
is in thermodynamic equilibrium (efficient propulsive flashing) or is in non-equilibrium 
(abrupt inefficient propulsive flashing). The flashing fluid flowing through the nozzles 
gradually decreases in pressure at a time rate which is much longer than in the previous 
system. This extended flashing therefore ensures that the expansion is closer to 
thermodynamic equilibrium. [16] 
 
 
Figure 3.4: Schematic Drawing of Disk Rotor 
 
3.2 Generator  
A DC motor has been used in the CDP unit as the power generation device. The mode of 
operation is illustrated by the following example.  
 
Consider Figure 3.5, where a DC motor is running freely at speed ω , a voltage, bE , will be 
produced, as given by equation: 
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ωφmb KE =  
 
3-2 
 
Where φ  is the total flux passing through the coil inside the motor, and mK  depends on 
number of turns in each coil. Clearly, these two parameters are constant.  
 
When this voltage, Eb, is applied to a resistor RL, the resulting current will be given by 
Equation 3-3:  
 
La
m
RR
K
I
+
=
ωφ
 
 
3-3 
 
where Ra is the resistance of the armature.  
 
This current flowing through the armature causes a negative torque, which will decelerate the 
motor. The torque may be expressed as T, given by Equation 3-4: 
 
( )
La
m
La
m
mm RR
K
RR
KKIKT
+
−=
+
−=−=
ωφωφφφ
2
 
3-4 
 
 
Figure 3.5: Motor circuit with load of resistance RL 
 
Consequently, decreasing the load resistance RL is equivalent to increasing the load on the 
motor. Since the turbine rotor is coupled to the motor, both will decelerate [18].   
 
RL M 
S 
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3.3 Electrical Load  
Two types of load have been used for the CDP unit power generation, including a light box 
and an adjustable resistor.  
3.3.1 Light box 
As shown in Figure 3.6, the light box consisted of 20 light bulbs connected in series, and each 
was rated at 13 W and 12 V. This provided a total resistance of approximately 220 Ω , which 
allowed up to 260 W of electrical power dissipation.   
 
 
Figure 3.6: Load in the form of light box 
 
 
Figure 3.7: A closer view of the load 
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The light box was installed with voltmeter and ammeter, so that during CDP tests, both 
voltage and current could be read from the meters as a good cross check for readings from a 
data logger. In a typical test, as shown in Figure 3.7, approximately 115 V  and 0.95 A  were 
generated by the CDP unit. 
 
3.3.2 Variable resistor   
The variable resistor shown in Figure 3.8 has been used in previous CDP unit tests. However, 
since the new unit, featuring the disk turbine rotor, was expected to operate at higher speed 
and produce more power, a resistor with bigger capacity was required. As a result, the light 
box was favoured for the tests described here.  
 
Figure 3.8: Variable Resistor Used in the previously testing unit (0 - 400Ω) 
 
3.4 Data acquisition system  
Important test parameters, including feed water flow rate, fresh water production rate, and 
pressure inside the chamber were measured using appropriate transducers.  As illustrated in 
Figure 3.9, which shows some of the essential exterior components, the test data were stored 
in a data logger in a flash memory card 
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Figure 3.9: Schematic diagram showing the test configuration for the CDP unit 
 
 
Figure 3.10: CDP unit during testing 
 
Figure 3.10 above shows a photo taken during a CDP unit test, which includes the light box 
and data logger. It can be seen that sufficient power was being produced to light all the light 
globes. Also, key parameters could be constantly observed from the data logger, which 
allowed the system performance to be displayed.   
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Chapter 4 Experimental Examination of the CDP Unit 
 
This chapter details the experimental tests conducted on the CDP unit with two different 
turbine configurations, and analysis of the results in terms of power generation and fresh 
water production. Also, studies on the novel disk turbine such as stress analysis on the turbine 
rotor using computer simulation and estimate of the system power loss are explored.  
4.1 Testing with the simple reaction turbine 
After modifications were made to the original CDP unit (Zhao, 2009) [6], including 
installation of condensing coil heat exchangers and two convergent-divergent nozzles (2 mm 
in diameter), performance tests were conducted. Based on the testing results, the power curves 
were shown in Figure 4.1.  
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Figure 4.1: Power generation vs Rotor Speed using new load, for feed water temperature of 85 ºC 
 
Referring to Figure 4.1, tests at of different electrical loads were carried out, in order to find 
out the optimal operating condition leading to maximum power production. Typically power 
generation was linearly dependent on rotor speed.  
 
As the electrical resistance was changed, so as the load to the rotor, and therefore the rotor 
speed was varied accordingly. Figure 4.1 shows that a decrease in the electrical load 
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resistance resulted in less rotor speed but more power production, which peaked at 
approximately 405 W, at a load of 100 Ω .  
 
In addition, a characteristic curve for power generation is plotted in Figure 4.2, which shows 
the range of rotor speeds and electrical powers the CDP unit was capable of producing. It is 
also seen that the CDP unit produced maximum power at a rotor speed of between 2300 and 
2400 RPM.  
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Figure 4.2: Characteristic Power Curve for the CDP Unit 
4.2 Tests with disk turbine  
 
Figure 4.3: The novel disk turbine rotor installed in the CDP unit 
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4.2.1 Finite element analysis (FEA) on the rotor 
When a solid circular disk rotates about its axis of symmetry, which is perpendicular to the 
plane of rotation, inertia forces will set up stresses including tangential stresses and radial 
stresses. These stresses may become significant at high speeds [19]. This would have been the 
case during testing of the CDP unit with the disk turbine rotor, which weighed 30 kg and 
rotated at speeds as high as several thousand RPM. Therefore, it was necessary to conduct a 
stress analysis for the rotor to determine the maximum allowable rotor speed, beyond which 
failure might occur. In this section, both theoretical calculations and computer simulation 
using finite element analysis are described.   
 
4.2.1.1 Theoretical Calculation  
As an idealisation, stress analysis on a solid disk of uniform thickness and having a central 
hole was studied.  
 
According to [19], The radial stress, rσ , and the tangential stress, tσ , experienced by a 
rotating disk are given by,  
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Where,  
 
γ  is the weight per unit volume, also known as specific weight, given by gρ  
b
a
=α , where a  is the inner radius, and b  is the outer radius of the disk turbine rotor 
υ  is the perpetual speed, given by, ωυ b= , where ω is the angular velocity, in rad/s 
 
µ  is the Poisson’s ratio, usually taken as 0.3 
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b
r
x =  
From equation 4-1, the radial stress rσ  is zero at the edges, where ,1=x or  
α=x , and it is positive for other values of x . The maximum values occur where  
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Substituting Equation 4-3 into Equation 4-1 gives 
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Also, it is shown that tσ  is maximum at the inner edge of the disk. Substituting α=x  into 
the above equation 4-2 gives,  
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It can be readily shown that ( )
maxtσ  is always greater than ( )maxrσ .  
 
Equation 4-5 can be rewritten as  
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Where ρ  is the density of the disk rotor material. Therefore,  
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For the turbine rotor featured in this study, which was manufactured from stainless steel 
SS316, the following parameters are used,  
 
ρ = 7850×  6 kg/m3 (after taking into account a factor of safety, 6) 
a = 22.5 mm = 0.0225 m 
b = 200 mm = 0.2 m 
Ys = 635 MPa 
 
It is noted that, the density has been multiplied by a safety factor of 6, which is explained by 
reference to Figure 4.4. It shows that for the 30mm-thick-rotor, only the top 5 mm can be 
treated as a solid disk since it does not include the curved nozzle flow path. Consequently 
most of the stress due to the centrifugal effect during rotation will be located at the top portion 
of the rotor and this is the region where the potential failure is most likely to occur. As a 
conservative yet safe approach to estimating the maximum allowable rotor speed, it is 
assumed that the portion of the rotor which contains grooves and holes and has 25 mm of 
thickness does not experience any stress. Therefore, in this case, a multiplying factor of 6 (5 
out of 30) is applied to the density for the 5 mm portion of the solid rotor, since it carried all 
of the stress associated with the centrifugal force of the entire body.  
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Figure 4.4: Drawings of the disk rotor, including top, front and back views 
 
Substituting the stated parameter values into Equation 4-7 results in the maximum allowable 
rotor speed: 
 
 RPMsrad 58.6098/3182.638 ==ω  
 
4.2.1.2 Computational simulation  
Numerical analysis was also performed by running computational simulation using 
SolidWorks Cosmosworks. Using this method, the maximum allowable rotor speed was 
estimated and compared with that using the theoretical method discussed previously.  
 
Proper material (SS316) was assigned to the SolidWorks model of the disk rotor. Constraints 
were then applied such that only rotational motion was allowed. Centrifugal load was applied 
to the model, with the rotor rotational speed as input [20]. The simulation was run for each of 
two different speeds, which were 6000 RPM and 7000 RPM respectively. The results are 
displayed in the following Figure 4.5 to Figure 4.8 .  
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Figure 4.5: Results obtained with input speed of 6000 RPM 
 
 
Figure 4.6: Close-up view highlighting the critical stress region 
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Figure 4.7: Results with input speed of 7000 RPM 
 
 
Figure 4.8: Close-up view of the critical stress region 
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The simulation results from COSMOSWORKS indicate that the critical stress region, where 
the most stress is experienced, is at the bottom of the curved groove (nozzle flow path) close 
to the centre. This can be seen from Figure 4.6 to Figure 4.8. In addition, as Figure 4.7 
illustrates, at rotor speed of 7000 RPM, the maximum stress of 173 MPa marginally exceeds 
the material yield strength, 172.4 MPa. Taken into consideration of certain amount of safety 
factor, it is reasonable to set the rotor speed limit at 6500 RPM in order to prevent any 
potential failure.  
 
This speed limit is greater than that obtained by the theoretical estimation of approximately 
6100 RPM. The discrepancy is attributed to the theoretical calculation being carried out for a 
simple solid disk without all the detailed features including the holes and grooves.   
Therefore, based on the above analysis, conclusion can be drawn that the maximum allowable 
testing speed for the disk rotor is 6500 RPM.   
 
4.2.2 System modification 
Some modifications to system components were made prior to installing the disk turbine rotor, 
as is discussed in the following section.  
4.2.2.1 Bearing housing  
After several experimental tests, the bearing at the bottom of the shaft was found to be 
corroded and lacking lubricant, resulting from exposure to water and vapour.  A modified 
bearing housing was designed and constructed, as shown in Figure 4.9, incorporating a lip 
seal and breather pipe.  
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Figure 4.9: Housing for the bottom bearing 
 
4.2.2.2 Coupling  
The modified CDP unit also included a spider coupling between the turbine shaft and DC 
motor. This coupling, shown in Figure 4.10, made by Renold Australia, was a low-powered, 
torsionally-flexible coupling combining shock-absorbing and misalignment capacity, as used 
in a wide range of industrial and instrument applications. The coupling had been specially 
designed for high speed application. The detailed technical specifications and dimensions can 
be found in the Appendix.  
 
 
Figure 4.10: Spider coupling installed in the CDP Unit 
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4.2.2.3 Mechanical seal  
It was also found out that the pre-load on the mechanical seal sitting at the bottom of the shaft 
as shown in Figure 4.11, previously set to be 13 mm, was too great, causing excessive friction 
against the rotating shaft. Therefore the preload was reduced to 10 mm, subject to maintaining 
adequate sealing.  
 
Figure 4.11: Adjusting the preload for the mechanical seal 
 
4.2.3 Estimation of power loss due to friction     
In comparison to the previous reaction turbine, the modified turbine was significantly heavier. 
Consequently there was a larger downward thrust force on the bottom bearing. In addition, the 
lip seal on the bearing housing made a slight contact with the turbine shaft, causing some 
friction. As a result, the power loss in overcoming these friction forces could be significant, 
and needs to be taken into account and investigated, because of the potential to adversely 
affect the power generation performance of the system.    
 
The power loss due to the friction is denoted as Pf, which is given by  
 
Pf = Tf ω  
 
4-8 
 
where Tf is the friction torque in the system, including that in the bearings of the turbine and 
in the motor.  
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4.2.3.1 Experiment with spring balance  
A simple experiment was carried out in order to estimate the friction torque, Tf .  
 
 
Figure 4.12: Applying the spring balance on the edge of the disk rotor 
 
A spring balance was attached to the nozzle outlet of the rotor, and force was applied 
tangentially, until the rotor commenced rotating against the frictional resistance. The 
tangential resistance force was found to be approximately 2.2 N.  
Therefore,  
 
Tf = FR = 2.2 ×  0.2 = 0.44 Nm 
 
It is assumed that Tf  was constant during the CDP tests. Hence, Pf can be calculated at any 
given rotor speed. For example, at rotor speed, ω = 3000 RPM = 314 rad/s,  
 
Pf = Tf ω = 0.44 ×  314 = 138.2 W 
 
Therefore, at any given rotor speed from the CDP unit tests, the power loss, Pf, can be 
estimated in the same way. It should be noted that this measurement method is associated 
with a certain degree of inaccuracy. In order to appropriately address this, an alternative set of 
experiment has been carried out, detailed in the below section.  
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4.2.3.2 Experiment with DC power supply source  
Alternatively, the power loss against the friction can be found in conjunction with an 
electrical power supply unit. A 50 V DC power supply was connected to the CDP unit, and 
various power levels applied to rotate the turbine rotor over the speed range of interest. 
Neglecting the inefficiency of the motor, it can be assumed that the power required for turning 
the rotor at any given speed is essentially equivalent to the power lost due to overcoming the 
friction at that same speed. The results were plotted and displayed in Figure 4.13.   
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Figure 4.13: Experiment on finding power loss at various rotor speed, utilizing a power supply 
 
From Figure 4.13, typical points can be chosen at which to calculate the friction torque at the 
selected rotor speed.   
a) At point (600,102),  
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b) At point (675,113.05),  
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As a result, the friction torque was approximately 1.6 Nm as shown above, which is higher 
than the result obtained by using the spring balance. This is mainly attributed to the restriction 
of the efficiency of the power supply. That is, not all the power actually went to the CDP unit 
to power the rotor during the experiment described.  
 
4.2.4 Tests and results 
In order to accelerate the relatively heavy disk turbine rotor more rapidly, the CDP unit was 
run up to test speed without any electrical load. After reaching the desired speed usually 
between 4000 and 5000 RPM, electrical load was connected to the CDP unit and 
consequently, electrical power commenced delivery.  
 
4.2.4.1 Rotor Speed 
Observing the time dependence of rotor speed in Figure 4.14, it is seen that before connecting 
the electrical load to the unit, the rotor speed rose almost linearly, except that a slight drop in 
slope occurred near 1200 RPM. It is believed resonance of the rotor system occurred, which 
caused vibration of the rotor, and consequently a decline of the rotor speed.    
 
Upon connection of the load, the rotor continued to rotate at a high speed, about 3800 RPM, 
steadily for several minutes, before being slowed down gradually due to its load. To check the 
validity of the rotor speed reading, the indicated values were also calculated based on the 
voltage data of the DC Motor in Table 4.1. The data at load point 1 from Figure 4.14 show 
that when the DC motor was operating without any external load, a speed of 3296 RPM was 
obtained as a result of 180 V applied voltage. Consequently when in generator mode at a 
speed of 3296 RPM, 180 V should be generated. Therefore, at any measured voltage, V, the 
estimated voltage, Vest, could be calculated by the following equation: 
Vest = 180
3296 V 
4-9 
 
where values for V are constantly recorded during the CDP unit tests.  
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Table 4.1: Load Characteristics at 180 Armature Volts 
Load Point  1 2 3 4 5 6 7 
Armature 
Amps  
0.8 2.9 4.1  5.1 6.3  7.4 9.7 
RPM  3296 3219 3180 3135 3094 3056 2990 
Torque(LB-
FT) 
0 0.875 1.375 1.75 2.25 2.625 3.5 
 
As illustrated by Figure 4.14, the measured speed and estimated rotor speed match closely.  
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Figure 4.14: Rotor Speed 
 
4.2.4.2 Chamber Pressure 
As displayed in Figure 4.15, the blue curve represents the actual absolute pressure inside the 
CDP unit, also referred to as chamber pressure. Also, the ideal chamber pressure was plotted 
as a function of time, and was obtained by determining the saturation pressure corresponding 
to the chamber temperature at any given time. The difference between the absolute and ideal 
chamber pressure was near to constant at approximately 2.3 kPa. This pressure difference is 
interpreted to mean that there may be non-condensable gases existing in the unit.  
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Upon opening the hot water valve, there was sudden flow of water into the system along with 
some of trapped air, resulting in an abrupt increase in pressure. Within one minute, the 
chamber pressure increased by 1.5 kPa. It then experienced a more gradual increase, as a 
result of steady increase in the rotor speed. Because of the centrifugal effect, the flow rate of 
the feed hot water was directly proportional to the rotor speed. As the turbine rotor 
accelerated, the hot water was drawn into the system at an increasing rate, which resulted in 
more steam generation. Consequently there was increased heat load on the condensing coil 
which led to a rise in the chamber temperature and therefore chamber pressure, as expected 
from the heat transfer equation below.  
LMTDUATUAQ mc =∆=
.
 
 
4-10 
 
As steam needed to be condensed at a higher rate, 
c
Q
.
 increased. However, the overall heat 
transfer coefficient, U, and condenser surface area, A, were unchanged. Consequently, the 
mean temperature difference between the cooling water and the hot steam rose, as illustrated 
by Figure 4.16.  
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Figure 4.15: Chamber Pressure 
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Figure 4.16: Variation of fluid temperature during condensation 
 
4.2.4.3 Flow rate 
The volume flow rate of the feed hot water was calculated by summing up flow rates of 
concentrated brine and fresh water, measured by two separate transducers, as depicted in 
Figure 4.18. Based on the graph of various water flow rates shown in Figure 4.17, the 
relationship between the volume flow rate of fresh water (represented by the red curve) and 
total brine input (green curve) indicates that the recovery rate for fresh water production by 
the CDP unit was approximately 12%– 15%.  
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Figure 4.17: Flow rate 
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Figure 4.18: transducers for measuring brine and fresh water flow rate 
 
Typically the feed brine flow rate is proportional to the rotor speed. This was especially the 
case after the electrical load was connected to the turbine rotor, during which time there was a 
closer linear relationship between the two. This observation supports the existence of the 
centrifugal pumping effect. As the rotor rotated at high speed, the hot water travelling along 
the rotor arm experienced a centrifugal pressure increase such that the total pressure 
difference driving the fluid into the turbine unit became larger, which then led to an increase 
in the flow rate, and vice versa, as indicated in Figure 4.19. 
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Figure 4.19: Feed water flow rate vs rotor speed 
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4.2.4.4 Power Generation 
The result seemed satisfactory in terms of the electrical power produced, which peaked at 210 
W, shown in Figure 4.20. The power generated by the CDP unit depends, to a large extent, on 
the speed of the turbine rotor. It is noted that during the first three minutes of the test whilst 
under electrical load, there was an increase in the power generation, although the rotor speed 
remained steady. This could be explained by Figure 4.21, where power and resistance of the 
electrical load are plotted on the same graph. Clearly, the resistances of the light bulbs were 
decreasing steadily, because of the temperature change, which in turn caused the generated 
electrical power to increase. The drop in the load resistance also put more load on the rotating 
turbine rotor, which caused it to gradually decelerate. As a result, less power was produced. 
Therefore, a more stable load resistance capable of sustaining high current would be 
beneficial for future testing.  
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Figure 4.20: Power Generation and rotor speed as functions of time 
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Figure 4.21: Power generation and Load resistance as functions of time 
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Figure 4.22: Power generation vs rotor speed 
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4.2.4.5  Efficiency Calculation   
Another important aspect to be considered for this system is efficiency, which includes 
thermal efficiency, thη , and turbine isentropic efficiency, iscη .  
 
First of all, the isentropic efficiency, iscη , can be defined as:  
genmechisc
act
isc
hm
W
ηη
η
∆
=
.
.
 
 
4-11 
 
where, actW
.
 is the actual electrical power generated  
 
(Note: 8.0≈mechη  for mechanical efficiency, and 85.0≈genη  for DC generator efficiency)   
where, iscW
.
 is defined as the theoretical electrical power the CDP unit would produce, if the 
hot water had gone through isentropic expansion process along the turbine nozzle. That means, 
isch∆ represents the enthalpy drop during an isentropic process, which is also the maximum 
possible enthalpy drop at the given temperature drop.   
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Figure 4.23: Thermal Efficiency vs Rotor Speed 
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Figure 4.24: Nozzle Efficiency vs Rotor Speed 
 
Thermal efficiency and nozzle efficiency of the CDP unit are both plotted against rotor speed, 
as shown in Figure 4.23 and Figure 4.24 respectively. High rotor speed and associated high 
electrical power generation are seen as critical to the CDP unit performance, since efficiencies 
depend heavily on these factors.  
4.2.5 Further testing with adjustable resistor as load  
As shown in Figure 4.21, the resistance of the light box decreased from 210 Ω  to 140 Ω  as 
its temperature rose during the test. This change in resistance influenced the apparent power 
produced by the CDP unit. A reduction in the load resistance is equivalent to increasing the 
load of the turbine rotor, which tends to slow it down and thus, result in less power generation. 
It is therefore reasonable to assume that the decrease in power generation, represented by the 
blue curve in the same figure, is associated with change in the resistance value.  
 
As a consequence, an alternative load, consisting of variable resistors in series was applied to 
the CDP unit in order to achieve more stable operation.   
 
4.2.5.1 New resistor load  
A new resistor box, depicted in Figure 4.25 and Figure 4.26, consisted of two identical 
variable resistor, in series, each having a rating of 280 W and 0 – 200 Ω  range. The 
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combination could therefore handle electrical power of up to 560 W, and had a total resistance 
range of 0 – 400 Ω , which was sufficient for the testing.  
 
 
Figure 4.25: Resistor load designed for taking high power 
 
 
Figure 4.26: Interior of the high power resistor load 
 
Unlike in the earlier experiments, when the load was only connected after the rotor reached 
the desired speed, the unit was loaded continuously with the resistor.  
 
4.2.5.2 Test Performance  
Figure 4.27 shows that the resistance did not vary much throughout the tests.  
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Figure 4.27: Values of load resistance during testing 
 
Electrical power generation and the rotor speed have been plotted on the same graph, as 
functions of time, showing that the power gradually increased and peaked at approximately 
142 W. However, the unit was not able to hold the power at this peak level for long, before it 
slowed down after approximately two minutes of steady state. The drop in the power 
generation could be explained by studying the curve of the rotor speed, in Figure 4.28. The 
rotor speed showed a similar trend to the power which reached a maximum at 3300 RPM, 
followed by a continuous decrease. The graph of power generation against the rotor speed, 
seen in Figure 4.29, further verified the close relationship between the two.   
 
Therefore the cause of turbine rotor deceleration required investigation. One contributing 
factor was identified. During the CDP test, the level of the feed water from the water supply 
tank was steadily falling. A 1m drop in the water level is equivalent to a 10 kPa drop in the 
head in the water tank, which is approximately one tenth of the total pressure difference 
between atmospheric pressure and the pressure in the CDP unit chamber. This could cause a 
significant enough decrease in the feed water flow rate. As shown in Figure 4.30, both brine 
and fresh water flow rate started decreasing approximately 700 seconds after the start of 
testing, shortly after which the turbine rotor began to decelerate (Figure 4.28). In order to 
prevent the drop in the feed water flow rate, one solution would be to elevate the water tank 
level.   
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Also, proper selection of the load resistance could play an important role in the measurement 
of power generation. The 210 Ω  resistor, used in this testing, may have put too much load on 
the turbine rotor, and limited its speed. An electrical load with higher resistance should be 
considered for future testing. 
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Figure 4.28: Electrical power production and rotor speed 
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Figure 4.29: Electrical power as a function of rotor speed 
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Figure 4.30: Flow rates of both brine and fresh water 
 
Fresh water performance for the CDP unit has also been examined, as illustrated in Figure 
4.30. Two separate digital flow meters were installed to measure the fresh water and 
concentrated brine volume flow rate. By summing these two flow rates, total feed brine 
volume flow rate can be attained, represented by the green curve in the above figure. By 
comparing the fresh and feed brine flow rates observed in Figure 4.30, it shows that the 
recovery rate is approximately between 15 % and 20 %. It can be illustrated from the above 
figure that, albeit some form of fluctuations for the measured flow rates during the duration of 
the testing, the overall accuracy is satisfied. Nevertheless, it is suggested that the quality of 
the flow meter can be further improved so as to achieve even better results, for the reason that 
the flow rate is such a critical experimental parameter to be taken into account.   
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Chapter 5 Performance Analysis of Test Results 
 
This chapter examines the CDP unit on how efficient it works. It evaluates the heat loss 
through some of its central components, and also analyses the nozzle efficiency for different 
turbines.   
5.1 System evaluation  
It is important to evaluate the CDP system by examining the heat losses through some key 
components, such as chamber wall and turbine rotor arms. If they were found to be significant 
compared to the power generation of the CDP unit, the system efficiency could be adversely 
affected, and therefore some modification should be considered accordingly.    
 
5.1.1 Heat loss through the chamber wall 
As shown in Figure 5.1, heat transfer across three different sections of the CDP chamber, 
including side, top and bottom wall (denoted as 1, 2 and 3 respectively), is examined.  
 
Figure 5.1: Schematic of the chamber of the CDP unit (all units are in mm) 
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Figure 5.2: Schematic representing thermal resistances across the chamber wall 
 
The rate of heat transfer through the chamber wall 1, 1
.
Q , is given by: 
totR
TTQ
1
14
1
.
−
=    
5-1 
 
where,  
 
T1 = 31°C, T4 = 25°C (assuming that room temperature is 25°C) 
 
R1tot = R1 + R2 + R3 =  AhkA
t
Ah 2
1
1
11
++     
5-2 
 
Where,   
 
t1 = 0.005 m ,  
 
A = π D L = π ×1.2 × 1.4 = 5.2752 m2 
 
k = 16 W/m K (thermal conductivity for stainless steel) 
 
Also, typical values for convection heat transfer coefficients can be estimated as follows:  
 
h1 = 20000 W/m2 K (typical value for two-phase convection heat transfer coefficient for 
condensation) 
 
h2 = 10 W/m2 K (typical value for free convection heat transfer coefficient) 
 
Hence, 
WK
R tot
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And, 
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Figure 5.3: Thermal resistances representing section (2) in Figure 5.1 
 
The heat transfer through the chamber wall at the top, 2
.
Q , is given by: 
totR
TTQ
2
14
2
.
−
=  
 
5-3 
 
where,  
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Similarly, the heat transfer through the chamber wall 3, 3
.
Q , can be estimated from: 
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Therefore, the total heat loss through the chamber wall is estimated to be: 
 
WQQQQ 44967673153
.
2
.
1
..
=++=++=  
 
5.1.2 Heat loss through the rotor arms  
Only one rotor arm is considered here since the other is identical and its dimensions are 
shown in Figure 5.4. Let 41
.
Q denote the heat transfer rate across the surface of each rotor arm 
and it is calculated as follows.  
 
Figure 5.4: Schematic showing the rotor arm dimensions 
 
For the purpose of the analysis, the cross section of the rotor arm is divided into three 
thermal sections, represented by R1, R2 and R3 respectively (See Figure 5.5).    
 
Figure 5.5: Schematic representation of the thermal resistances across the rotor arm 
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The above parameters are obtained by interpolation based on the following table: 
 
Table 5.1: Useful parameters required [21] 
T Cp,f µ f Pr,f Kf 
355 4.199 343 2.14 671 
360 4.203 324 2.02 674 
(Note：check nomenclature for the denotations of the parameters in the table) 
 
Also, 
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where, Di and Do are inter and outer diameters of rotor arm cross-section respectively 
 
1h Now, can be estimated: 
Firstly, find the Reynold’s number, ReD to determine whether the flow travelling inside the 
rotor shaft is laminar or turbulent.  
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Therefore, the flow is turbulent.  
In this case, n = 0.3, since T2 < T1, giving  
73.223068.218.73563023.0Re023.0N 3.05/43.05/4uD =××== rD P  
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D
kh
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Q
 
Hence, the total rate of heat transfer through the surfaces of the two rotor arms, totQ
.
, is 
estimated as: 
WQQ tot 16.286958.143422 41
..
=×==  
 
It is seen that the heat losses from the rotor arms are much larger than that across the chamber 
wall. As the heat dissipated in the condenser is 14 – 15 kW, totQ
.
 counts for approximately 
one fifth of that, which is likely to have an impact on the efficiency of the system. Therefore 
insulation of the rotor arms to minimize this undesired heat loss is expected to be beneficial.  
 
5.2 Efficiency calculation  
5.2.1 Nozzle efficiency for the simple reaction turbine  
Nozzle efficiency (isentropic efficiency) for the turbine is carried out in this section. A 
schematic diagram shown in Figure 5.6 and Figure 5.7 are used to represent the simple 
reaction turbine configuration, which also illustrates flow conditions at four different stages 
between nozzle entry and exit.   
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Figure 5.6: Schematic of the flow conditions in the turbine rotor (Side View) 
 
 
Figure 5.7: Schematic of the flow conditions in the turbine rotor (Top View) 
 
According to the steady flow energy equation (SFEE) [22]: 
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5-4 
 
From the above equation 5-4, 
outQ
.
 is neglected in order to simplify the analysis, which 
implicates that no substantial heat loss takes place through the rotor arms. Also, inQ
.
 = 
.
inW = 0, 
because there is no extra input of heat or shaft work. In addition, z1g and z4g terms are 
cancelled out as there is no change in elevation. Moreover, compared with the fluid velocity at 
the nozzle exit, the velocity at the centre of the shaft, c1 is relatively small and therefore can 
be neglected. As a result, the above equation can be simplified as,    
( ) 24
.
41
..
2
1
aout VmhhmW −−=  
 
5-5 
 
where, outW
.
is the rate of mechanical energy extracted from the turbine, and V4a is the 
relatively velocity of the fluid mixture exiting the nozzles.    
1 2 
3 
2 
3 
1 
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Figure 5.8: Velocity diagram of the nozzle 
Va = Vr – U = Vr - Rω   
 
Or,  
RNVUVV rra −=−= 444  
5-6 
 
If the combined mechanical efficiency of the system and motor efficiency are estimated to be 
80 %, the electrical power generated by the CDP unit, WE, can be approximated by the 
following equation, 
( ) motormechaE
motormechoutE
VmhhmW
WW
ηη
ηη

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−−=⇒
=
2
4
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41
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..
2
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5-7 
 
At state ‘1’, where hot water enters the rotor arm from the centre, at T = 80 ºC, the following 
properties can be found from the steam table:  
 
h1,f = 334.88 kJ/kg, h1,fg = 2308.77 kJ/kg 
 
h1,f  = 1.0752 kJ/kg K, s1,fg  = 6.5369 kJ/kg K 
 
At the nozzle exit, ‘4’, where P = 7.5 kPa, from steam table: 
 
h4,f = 168.77 kJ/kg, h4,fg = 2406.02 kJ/kg 
 
s4,f = 0.5763 kJ/kg K, s4,fg = 7.6751 kJ/kg K 
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The volume flow rate 
.
v coming into the CDP unit is known and is approximately 27 L/min, or 
0.45 L/s.  
i.e.  mass flow rate, ≈
.
m 0.45 kg/s 
 
Also, 
 
kgkJhh f /88.334,11 =≈
 
 
Therefore, to solve for Wout, h4 and V4a must be calculated [23].  
After taking into account the centrifugal pressure increase from ‘1’ to ‘2’, the thermodynamic 
properties of the liquid at nozzle entry are given by: 
2
2
22
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22
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RNPPP
ρ
ρ
+=⇒
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5-8 
 
Where N = 1910 RPM ≈ 200 rad/s, rotor speed obtained from previous tests, and  
R is the rotor arm length, taken as 0.465 m. Thus,  
kPaP 8.44255.43243.101
10002
465.020010003.101
22
2 =+=
×
××
+=  
And,  
2222 vPuh +=  
5-9 
 
Q The hot input water remains at liquid state from ‘1’ to ‘2’ 
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If the expansion taking place along the nozzle is isentropic, the specific enthalpy at the nozzle 
exit, ,'4h  can be calculated, as shown below:  
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Isentropic efficiency is given by 
( )'4224
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5-10 
Therefore, the actual specific enthalpy at the nozzle exit, 4h , can be obtained, given the 
isentropic efficiency.  
It is assumed 5.0=iscη , and then solving equation 5-10 gives, 
 
( ) ( ) kgkJhhhh /19.33216.32521.3395.021.3395.0 '4224 =−×−=−−=  
 
The power produced by the turbine rotor can be also related to torque T and angular velocity 
N as follows, 
NTW out =
.
 
 
5-11 
 
where torque T, due to change in the angular momentum of the fluid, is given by equation, 
RVmT a4
.
=  
 
5-12 
 
Equation 5-11 can be then rewritten as,  
NRVmW aout 4
..
=  
 
5-13 
 
Now, aV4  and outW
.
can be solved by combining equations 5-7 and 5-13, as follows 
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Substituting aV4  = 13.48 into equation 5-13 will solve for outW
.
,  
WWW
WNVmW
motormechoutE
aout
3618.08.014.564
14.564200465.048.1345.0
..
4
..
=××==⇒
=××××==
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The actual electrical power generated by the CDP unit during the test at the specified 
conditions is given by,  
WW act 280
.
=  
The relatively large difference between EW
.
 and actW
.
 indicated that the isentropic efficiency 
of the turbine is not properly chosen, therefore, iteration is required. This time, try 38.0=iscη , 
which yields, 
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Once again, solving equations 5-7 and 5-13 gives,  
( ) ( )
WWW
WNRVmW
smhhNRNRV
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As can be seen, this EW
.
 not far off from WW act 280
.
= at all. Therefore, the nozzle efficiency 
is estimated to be approximately 38 %.  
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5.2.2 Nozzle efficiency for disk turbine 
Similarly, the nozzle efficiency is also calculated for the disk turbine, and a schematic 
diagram for that configuration is shown in Figure 5.9. The numbers, 1 – 4, in the figure 5.9 
represent different state of the working fluid while travelling in the nozzle.  
    
 
Figure 5.9: Schematic of Disk Turbine Rotor 
 
The key parameters are listed below: 
 
Area of the nozzle exit: A = 1.05 ×  25 = 26.25 mm2 = 2.625 ×  10-5 m2 
Typical operating conditions during the test are given by:  
Pchamber = 7 kPa 
Tin = 87.6 ºC 
N = 4200 RPM = 440 rad / s 
At state ‘1’, where hot water enters the rotor arm from the centre, the following properties can 
be found from the steam table based on Tsat = 87.6 ºC:  
 
h1,f = 366.83 kJ/kg 
s1,f  = 1.1646 kJ/kg K 
 
At the nozzle exit, ‘4’, where P = 7 kPa, it can be obtained from the steam table that: 
 
h4,f = 162.57 kJ/kg, h4,fg = 2409.55 kJ/kg 
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s4,f = 0.5563 kJ/kg K, s4,fg = 7.7238 kJ/kg K 
The volume flow rate 
.
v coming into the CDP unit is known, which is approximately 20.2 
L/min, or 0.34 L/s.  
i.e.  mass flow rate, ≈
.
m 0.34 kg/s 
Also,  
kgkJhh f / 366.83,11 =≈
 
 
Therefore, to solve for Wout, h4 and V4a need to be calculated.  
 
After taking into account the centrifugal pressure increase from ‘1’ to ‘2’, the thermodynamic 
properties of the liquid at nozzle entry are given by: 
 
( )4
2
2
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22
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rNPPP
ρ
ρ
+=⇒
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Where N = 4200 RPM ≈ 440 rad/s, rotor speed obtained from previous testing, and the 
distance between the shaft centre to nozzle entry r = 0.0225 m. Thus,  
 
kPaP 3.150493.101
10002
0225.044010003.101
22
2 =+=
×
××
+=  
And,  
2222 vPuh +=  
 
Q The hot input water remains at liquid state from ‘1’ to ‘2’ 
( )
12
11111111212
3
1212
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Therefore, in this case, the centrifugal pumping effect is negligible due to ‘r’ being so small.  
 
If the expansion taking place along the nozzle is isentropic process, the specific enthalpy at 
the nozzle exit, ,'4h  can be calculated, as shown below:  
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KkgkJssss f / 1.1646,112
'
4 ==≈=Q  
∴The dryness fraction, '3x , is given by 
kgkJhxhh
s
ss
x
fgf
fg
f
/92.35255.2409079.057.162
079.0
 7.7238
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Isentropic efficiency is given by 
( ) ( )5'4224
'
42
42
hhhh
hh
hh
isc
isc
−−=⇒
−
−
=
η
η
 
 
Therefore, the actual specific enthalpy at the nozzle exit, 4h , can be obtained, after knowing 
the isentropic efficiency. Performing the iteration process (See Appendix for detailed 
calculations) using the same methodology for the previous turbine rotor gives:   
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
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
=
=
WW E
isc
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12.0
.
η
 
 
From the test results, at rotor speed of 4200 RPM, the voltage produced is approximately 228 
V. When the electrical load is set at 150 Ω , 346.56 W of electrical power was generated by 
the CDP unit, which is close to 330.88 W calculated above. As a result, the nozzle efficiency 
for the novel disk turbine is approximately 12 %. 
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Chapter 6 Potential applications of CDP unit 
 
The CDP unit can be used in conjunction with a renewable energy source for power 
generation and fresh water production, for example with a solar pond, an evacuated tube 
collector or a geothermal source. This chapter outlines a variety of renewable technologies for 
that purpose.  
6.1 Solar Pond 
As a renewable energy source which stores hot brine, a salinity gradient solar pond is capable 
of supplying feed brine to a CDP unit.  A solar pond is essentially a solar collector in the form 
of a large body of water, with a depth of between 2 m and 5 m, which collects solar irradiance 
and stores it in the form of heat [24]. The pond contains three zones consisting of; an upper 
convective zone (UCZ) that has low density close to that of fresh water, a non-convective 
zone (NCZ) which has a near linear salinity gradient, and a lower convective zone which has 
uniform density close to that of saturated brine [25]. The solar radiation entering the UCZ is 
transferred to the LCZ and raises its temperature. The NCZ acts as a thermal insulator, 
preventing the loss of heat collected at the LCZ, except by conduction which is a slow process. 
A schematic representation of a solar pond is shown in Figure 6.1, and a picture of the solar 
pond at the Renewable Energy Laboratory of RMIT University is shown in Figure 6.2.   
 
 
Figure 6.1: Schematic of Solar Pond Salinity and Temperature Profiles [26] 
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Figure 6.2: Salinity Gradient Solar Pond at RMIT University 
 
It has been established previously that heat can be successfully extracted from the LCZ, which 
can be carried out by using an in-pond heat exchanger in that zone. A heat transfer fluid 
circulates through the internal heat exchanger and transfers its thermal energy to an external 
heat exchanger [27]. This method has been applied to a 3000 m2 solar pond at Pyramid Hill, a 
section of which is presented in Figure 6.3.   
 
 
Figure 6.3: Heat Extraction Tubes and Inlet Manifold from the solar pond at Pyramid Hill 
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An alternative means of extracting heat from solar ponds has been investigated both 
theoretically and experimentally with the aim of improving the overall energy efficiency [24]. 
In this method, heat is extracted from the NCZ as well as, or instead of, the LCZ. A schematic 
diagram of this heat exchanging system is presented in Figure 6.4 [26].  
 
 
Figure 6.4: Schematic Diagram of a heat extraction system for the RMIT solar pond 
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Figure 6.5: Heat extraction from the solar pond at RMIT during May 2009 
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Heat was extracted from the NCZ and LCZ of the solar pond at RMIT using the closed loop 
heat extraction system described above. As an example, the heat extraction performance in 
May 2009 is shown in Figure 6.5. Clearly, heat transfer at a rate of close to 3 kW was able to 
be produced, which is sufficient to be used as a heat source for a CDP system.  
 
6.2 Evacuated solar tube collector 
If a higher temperature (90 ºC or higher) is desired for the feed brine, an evacuated solar tube 
collector can be used in conjunction with the solar pond to provide hotter brine to the CDP 
unit for improved power generation. Evacuated solar tube collectors have been increasingly 
popular in the renewable energy industry in the recent years. For example, in 2007, it was 
estimated that close to 210 million square metres of solar thermal collectors were in operation 
around the world with an estimated capacity of 147 GWh. It is noted that non-concentrating 
collectors provided 80 % of this capacity [28]. There are two main types of non-concentrating 
collectors; namely flat plate and evacuated tube collectors. The latter is typically used to 
obtain higher temperatures (80 ºC and above), with a vacuum maintained between the inner 
absorber tube and glazing to suppress convective heat losses. This type of collector is 
becoming available at commercially viable prices and offers a practical and economical 
means of solar water heating. There follows some basic equations relating to a typical 
evacuated solar tube collector system.  
 
According to AS/NZS 2535, the efficiency for solar collectors of non-concentrating type can 
be accurately expressed as follows [29]: 
 
( )
G
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G
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a amam
2
210
−
−
−
−= ηη  
 
6-1 
 
 where  0η = optical efficiency 
  a1 = a2 are positive coefficients from efficiency tests 
  G = incident solar radiation on the slope of the collector 
  ta = ambient temperature  
  tm = average fluid temperature in the collector 
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Recently, a series of solar collectors, modelled GL 100 – 16DF, have been obtained from 
Greenland Systems, and a central component is shown in Figure 6.6.  
 
Figure 6.6: Evacuated Tube solar collector by Greenland Systems [30] 
 
The coefficients for Equation 6-1 were provided by the manufacturer and are listed in Table 
6.1.  
Table 6.1: Coefficients for the solar collector provided by the manufacturer 
0η  0.798 
a1 0.994 
a2 0.0097 
  
Also, a performance curve is shown in Figure 6.7, with an assumed solar irradiation of 1000 
W/m2.  
0
500
1000
1500
2000
2500
0 20 40 60 80 100 120 140
tm - ta [K]
Po
w
e
r 
o
u
tp
u
t p
e
r 
c
o
lle
c
to
r 
u
n
it 
(W
)
 
Figure 6.7: Performance curve for solar collector GL 100 – 16DF [30] 
CHAPTER 6: POTENTIAL APPLICATIONS OF THE CDP UNIT 
 
 
   
   
 
78
According to the technical specifications provided by the manufacturer, which can be found 
in the Appendix, a system consisting of 16 evacuated tube collectors of the above type would 
have solar aperture area of 3 m2 and produce annual energy yield of 2,100 kWh.    
 
6.3 Geothermal resource   
Geothermal systems are clean and abundant source of renewable energy, which does not 
consume any fossil fuel and produce green house gas emission. Because of the enormous 
amount of natural heat stored in the earth, geothermal energy has become an emerging green 
energy industry with good potential, and is an appropriate heat source of hot brine for the 
CDP unit.  
 
6.3.1 Benefits of geothermal energy 
Geothermal has a higher capacity factor than most of other renewable energy sources, such as 
wind and hydro power stations. This is mainly because so long as its carrier medium (water) 
is properly managed, the source of geothermal energy would be available almost all the time. 
Whereas, the energy sources for wind farms and solar power plants are usually intermittent. 
This fact makes geothermal system uniquely reliable.  
 
It is likely to become the cheapest form of emission-free energy, based on the following table, 
taken from the AGEA MMA II 2009 – Cost Comparison Report [31].   
 
Table 6.2: Comparison of long run marginal costs of renewable generation technologies, $/MWh, mid 
2008 dollar terms 
 2020 2030 
Renewable Energy Options   
Wind 102 96 
Biomass - Steam 110 108 
Biomass - Gasification 109 105 
Solar Thermal 250 229 
Solar Hot Water 157 150 
Geothermal - Hydrothermal 75 72 
Geothermal - Hot Rocks (EGS) 99 95 
Geothermal - Hot Sedimentary Rocks 
(HSR) 97 93 
Gothermal - Direct Heat 105 100 
Concentrating PV 271 259 
Roof Top PV 507 397 
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Figure 6.8: Graph of comparative costs of different generation technologies 
 
It is shown in Figure 6.8 that in the future, when all the power plants will be running with the 
commercially available technology, geothermal, particularly hydrothermal, power stations 
will likely to be the cheapest renewable option because of its several advantages such as 
providing base load and high capacity factor.   
 
6.3.2 Available geothermal resources  
Heat is transferred from the earth’s molten core to under-ground deposits of dry steam, wet 
steam, hot water or hot rocks lying close to the earth’s surface. It is also generated locally 
within the earth’s crust from the natural decay of the radiogenic elements that occur in rocks, 
and in certain granites they can be concentrated such that there is a marked elevation in the 
local surface heat flow [32].  
 
Geothermal resources can be classified as shown in  
Table 6.3, which shows that hot dry rock and hydrothermal are probably the two most 
common geothermal resources, which are being exploited and developed on various sites in 
Australia. Typically, resources above 150°C are used for electric power generation, while 
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those below 150°C are normally used in direct-use projects for heating and cooling. Ambient 
temperatures in the 5°C to 30°C range can be used with geothermal heat pumps to provide 
both heating and cooling [33]. 
 
Table 6.3: Geothermal Resource Types 
Resource Type Temperature Range (°C) 
Vapour dominated ≈ 240 Convective hydrothermal 
resources Hot-water dominated 20 to 350 + 
Sedimentary basin 20 to 150 
Geopressured 90 to 200 
Other hydrothermal 
resources 
Rodiogenic 30 to 150 
Solidified (hot dry rock) 90 to 650 Hot rock resources 
Part still molten (magma) > 650 
 
The low temperature (T< 150°C) hydrothermal resource may be most suitable for a CDP unit 
as a source of hot saline water. Hydrothermal resources arise when hot water and / or steam is 
formed in fractured or porous rock at shallow to  moderate depths (100 m to 4.5 km) as a 
result of either the intrusion in the earth’s crust of molten magma from the earth’s interior, or 
the deep circulation of water through a fault or fracture.  
 
In Australia, a primary focus for hydrothermal resources is on hot sedimentary aquifer (HSA) 
systems which generally exist at relatively shallow depths (of between 2,000 m and 4,000 m) 
where hot salty water, with temperatures between 90 ºC and 150 ºC, is naturally circulating in 
a number of sedimentary basins [34]. An overall view of the geothermal temperature 
distribution within Australia is depicted in Figure 6.9.  
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Figure 6.9: Estimated temperatures at 5 km depth in Australia. The most prospective areas for 
geothermal energy are shown in red. 
 
To make a hydrothermal geothermal resource commercially viable, five features are essential 
which include [33]:  
• A large heat source 
• A permeable reservoir  
• A supply of water 
• An overlying layer of  impervious rock  
• A reliable recharge mechanism  
Current geological data indicate that large hot sedimentary aquifers are running from below 
Geelong to beyond the border of South Australia. The aquifers are at depths of between 3,500 
and 4,200 metres. This area is covered by the Geothermal Extraction Permit (GEP) 10 that is 
held by Greenearth Energy and is the location of a proposed Geelong Geothermal Power 
Project. A map of GEP 10 can be found in the Appendix [35]. 
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Figure 6.10: Schematic showing HSA geothermal model integrated with CDP unit(s) [36] 
 
It is postulated that an efficient geothermal system possibly in conjunction with a series of 
CDP units could be developed which utilizes hot saline water to generate electricity and fresh 
water. Figure 6.10 illustrates such a system, where geothermally-heated brine, at 
approximately 150 ºC (also the working fluid) enters the CDP unit, or a series of CDP units, 
through multiple production wells. After electricity and fresh water are produced, the cooled 
geothermal fluid is recirculated to the reservoir via re-injection wells to form a closed loop 
system. 
CDP 
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Chapter 7 Recommendations for Future Work 
7.1 New condenser with plate heat exchangers 
The amount of power generated in the CDP unit depends largely on the condensing 
temperature in the chamber. This is explained by the following equation: 
( )condenserhotphotinout TTcmhhQ −=−=
..
  
7-1 
 
where 
.
Q  is the rate of thermal energy released by the hot brine during phase change 
 
Also, the overall thermal efficiency of the system, iscη , is given by:  
in
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And,  
coolingpcoolingc TcmQ ∆=
..
 
 
7-3 
 
where, 
c
Q
.
 is the rate of heat dissipation in the condenser, which needs to be minimized in order to 
improve the thermal efficiency. Consequently the increase in the cooling water temperature 
along the cooling coil must be maintained as low as possible. For the existing condensing 
system, coolingT∆ , is observed to be in the range 8 – 10 °C temperature change, and is expected 
to be reduced, to a temperature change closer  to 5°C.   
 
Therefore, a more effective condenser has been proposed to replace the existing condensing 
coil. Plate heat exchangers are favoured over other candidates, because of the large surface 
areas for each unit of heat transferred.   
 
A plate heat exchanger uses metal plates to transfer heat between two fluids. This has a major 
advantage over more conventional heat exchangers in that the fluids are exposed to a much 
larger surface area.. The larger area facilitates heat transfer, and greatly increases the rate of 
temperature change [37]. A schematic diagram is used to illustrate this heat transfer system 
Figure 7.1.  
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Figure 7.1: Configuration of a typical plate heat exchanger [38] 
 
As a typical type of plate heat exchanger, the brazed plate heat exchanger (PHE) consists of 
thin corrugated stainless steel plates which are vacuum brazed together using either copper or 
nickel as the brazing material. In HVAC applications copper brazed units are most frequently 
used, while nickel brazed units are preferred in, for example, food applications and in 
applications involving aggressive fluids. Brazing the stainless steel plates together eliminates 
the need for sealing gaskets and thick frame plates. The brazing material both seals and holds 
the plates together at the contact points.  
 
Compared to shell and tube heat exchangers, the approach temperature difference in plate heat 
exchangers may be as low as 1 °C whereas shell and tube heat exchangers require an 
approach temperature difference of 5°C or more. For the same amount of heat exchanged, the 
plate heat exchanger is smaller, because of the large heat transfer area afforded by the plates 
(the large area through which heat can transfer). Expansion or reduction of the heat transfer 
area is possible in a plate heat exchanger [37]. 
 
A simple design of plate heat exchanger is described in this section. Brazed plate heat 
exchangers, of type CD76-20L from Alfa Laval Australia (See Figure 7.2), are used to form 
the main components of the new proposed condensing system. Technical specifications of this 
type of plate heat exchanger can be found in Appendix B, and drawings with detailed 
dimensions are included in the Appendix. 
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Figure 7.2: Brazed PHE (CD76-20L) from Alfa Laval for the CDP unit 
 
The Brazed PHE CD76-20L has four ports including hot steam inlet (S1), condensate outlet 
(T2), cooling water inlet (T3) and cooling water outlet (T4). The prototype model has been 
drawn using SolidWorks software and consists of several plate heat exchangers, as illustrated 
in Figure 7.3 to Figure 7.5. Equally spaced, they will be mounted on the wall of the CDP unit 
close to ports S1, which introduce the steam as a result of the flashing process. The 
condensate, in the form of fresh water, flows out of the condensers through ports T2. Cooling 
water flows in and out of the heat exchanger through ports T3 and T4 respectively.   
 
 
Figure 7.3: Model of CDP assembled with plate heat exchangers 
S1, Hot In (Steam)  
T2, Hot Out 
(Liquid) 
T4, Cold Out 
T3, Cold In 
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Figure 7.4: Another view that also features the interior of the CDP 
 
 
Figure 7.5: Top View 
 
The following calculations were carried out to determine the number of plate heat exchangers 
required for the CDP unit.  
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Rate of vapour generated by CDP unit, which is also the total rate of condensation, 
c
Q
.
, is 
given by 
gfvc hmQ ,
..
=  
where,  
vm
.
represents the mass flow rate of the vapour in the mixture exiting the turbine nozzle, and 
hf,g is the latent heat of vaporisation corresponding to saturation pressure in the CDP chamber, 
P. Based on initial test results, P is maintained at approximately 7 kPa when the system 
reaches steady state, and from thermodynamic tables, hf,g = 2409.55 kJ/kg. A typical mass 
flow rate of the feed hot water is inm
.
= 0.3 kg/s, and knowing the dryness fraction of the 
mixture at the nozzle exits will provide a basis for calculating vm
.
.  
 
The dryness fraction, x, varies between 0.07 to 0.09, depending on the isentropic efficiency of 
the flashing process through the nozzles. Taking x = 0.08 gives,   
skJhmQ
skgxmm
gfvc
inv
/8.5755.2409024.0
/024.008.03.0
,
..
..
=×==⇒
=×==
 
 
Based on the product specifications provided by the manufacturer, shown in table 3.1, the rate 
of condensation for each plate heat exchanger can be calculated.  
kJTcmQ pc 2.10)2025(18.44872.0
..
=−××=∆=  
Therefore, the total number of plate heat exchangers to be installed, denoted as N, for the 
condenser is given by,  
67.5
2.10
8.57
.
.
≈===
Q
QN c  
Moreover, the mass flow rate of the steam into the inlet port, S1, given by 
.
m , needs to be 
approximately 0.004167 kg/s, to ensure that there is no significant pressure drop and enough 
pumping power across the heat exchangers. This can be calculated by applying the mass 
conservation equation: 
Avm ρ=
.
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where, ρ  and v are the density and velocity of the vapour entering the port S1, which has a 
cross sectional area  A.   
 
From figure 3.7, the diameter of port S1 is given by,  
 
d = 40.3 mm = 0.0403 m  
( ) 222 001275.0
4
0403.0
4
m
dA ===⇒ pipi  
 
The following Table 7.1 from ‘The Engineering ToolBox’, lists some common values for 
steam velocity for various systems. It is appropriate that in a system of saturated steam at 
medium to low pressure, steam velocity is in the range of 30 - 40 m/s [39].  
 
Table 7.1: Recommended Velocities in Steam Systems [32] 
Steam System Velocity (m/s) 
Saturated Steam – high pressure 25 – 40 
Saturated Steam – medium and low pressure 30 – 40 
Saturated Steam at peak load < 50 
Steam and Water mix < 25 
Superheat Steam 35 – 100 
 
Take v = 35 m/s, and density of saturated vapour at 7 kPa, can be obtained from the steam 
table, ρ = 0.05 kg/m3, which gives,  
skgAvm /00255.040001275.005.0
.
=××== ρ  
 
This flow rate is of similar order to the designed mass flow rate of the steam flowing through 
the heat exchanger, 0.004167 kg/s (see Appendix B). Therefore, the proposed new condenser 
system featuring six plate heat exchangers, of type CD76-20L, is suitable for future 
implementation.  
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7.2 De-aeration of the input feed water   
7.2.1 Importance of de-aeration of the feed water to CDP 
For a typical test carried out on the CDP unit, pressure inside the chamber normally started at 
approximately 5 kPa, and gradually increased to more than 7 kPa during the test. This rise in 
chamber pressure adversely affected the power generation performance of the unit. Since the 
pressure difference between the working fluid and the condenser was reduced, so as their 
temperature difference. Consequently, the enthalpy drop during the fluid expansion process 
decreased, which then restricted the mechanical power output of the turbine.   
 
It is believed that dissolved air in the feed brine is one of the major causes of the pressure 
increase. As the feed water entered the CDP unit and flashed into steam, the air initially 
dissolved in the water was released into the chamber.  In addition, air is a particularly poor 
conductor of heat, explaining its common function as a heat insulating medium. Its presence 
on the condensing coil surface consequently could seriously reduce the heat flow and 
therefore the rate of condensation.  
 
One possible improvement is to de-aerate the feed water prior to its entry to the CDP unit.  
Therefore, effective means of removing the dissolved air from water were studied, based on 
the fact that the amount of the air dissolved in water can be reduced either by increasing the 
temperature or decreasing the pressure.  
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7.2.2 Experiment set up and procedure  
 
Figure 7.6: Schematic diagram of the de-aeration experiment 
 
An experiment was set up, shown in Figure 7.6, to study the effect of de-aeration using both 
the method of raising the water temperature and that of reducing its pressure. A glass 
container was filled with fresh water. The top of the container was closed with a rubber cap, 
and its base was connected to a long plastic tube, the other end of which was open to the 
atmosphere. In order to drop the pressure of the system, the plastic tube was placed 
approximately 4 metres below the level of the top of container. The glass container sat inside 
a water heater, which was basically a steel vessel with an electrical heating coil at the bottom.  
 
A thermocouple was attached to the glass container for measuring the water temperature. To 
minimise the heat loss, both the heating vessel and glass container were thermally insulated. 
During the experiment, the heater was initially switched on in order to raise the water in the 
glass container to 85 °C. As the water was being heated, air bubbles started to form inside the 
container, indicating de-aeration. As the air accumulated and migrated upwards, some water 
was pushed out of the system through the tube at the bottom. The other end of the tube was 
placed inside a beaker, filled with water, which sat on top of a digital weighing scale. As the 
water flowed out of the tube, the readings on the scale increased and were used to calculate 
the amount of air de-aerated from the system. This reading was continuously monitored and 
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recorded, and therefore, the rate of de-aeration could be calculated. Figure 7.8 clearly shows 
that some de-aeration had occurred because of heating.  
 
 
Figure 7.7: Photos showing formation of air bubbles after few minutes of heating 
 
 
Figure 7.8: Observation made during the de-aeration process 
 
7.2.3 Results obtained by applying different approaches  
Three different approaches are implemented for the de-aeration experiment. It includes raising 
the water temperature, dropping its pressure, and a combination of both. With each method, 
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results in terms of graphs can be produced with the recorded data, and their effects on de-
aeration can then be examined and compared.  
 
7.2.3.1 Increasing temperature only  
In this case, the level of the beaker inside which the plastic tube located was close to that of 
the top of the de-aerator (glass container). This indicated atmospheric pressure inside the de-
aerator. Therefore, the de-aeration was caused only by the temperature increase of the water.    
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Figure 7.9: Amount of water released due to de-aeration 
 
The amount of water displaced from the de-aerator was directly related to the quantity of 
dissolved air released from the water, and was therefore plotted alongside the temperature of 
the water to be de-aerated. As shown in Figure 7.9, 1.5 hours elapsed before the water 
temperature in the rig reached the maximum level, 75 ºC, which would be maintained for the 
rest of the experiment. The mass of the water release could be seen to increase, until it became 
steady after approximately 6 hours, and stayed at approximately 100 g. This implied that the 
water became almost free of dissolved air.  
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Figure 7.10: Amount of air removed 
 
The amount of dissolved air, Ma, removed from the body of water can be calculated based on 
the mass of the water, Mw, shown in Figure 7.10.  
 
Applying the ideal gas law gives: 
RT
PVM
RT
PVM
RT
V
MRTP
a
a =⇒
=⇒
== ρ
 
 
 
 
 
 
7-4 
 
and,  
 
w
w
wa
MVV
ρ
==  
 
 
7-5 
 
In the above equation 7-5, wρ  is the density of water at corresponding temperature T that 
along with wM  are both known. Hence, substituting equation 7-4 into equation 7-5 will solve 
for aM .  
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Figure 7.11: Rate of the amount of water released 
 
Since aM  and wM  are closely related as shown above. The rate of de-aeration, denoted as 
dt
dM a
 can be a linked to that of the water flowing out of the de-aerator, 
dt
dM w
, which is 
plotted in Figure 7.11.  
Combining equation 7-4 and 7-5 results in: 
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==⇒
==
 
 
 
 
 
7-6 
 
where all the parameters, including P, R, T and wρ  are known from the experiment.   
 
However, the water quantity flowing out of the system was also partially influenced by the 
thermal expansion of the water as it was being heated. Taking this into consideration, the rig 
was allowed to cool to room temperature again, and the final reading was then taken from the 
scale. The results are displayed in Table 7.2.    
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Table 7.2: Final readings after the system is cooled down 
Temperature (ºC) Mass of water (g) Mass of dissolved air (g) 
25 29.7 0.020168 
 
7.2.3.2 Reducing the pressure only  
Another experiment was conducted under the condition that the pressure inside the de-aerator 
was dropped to below atmospheric pressure, as illustrated in Figure 7.6, and was maintained 
for over 4 hours.  There was no temperature effect in this case, since the electrical heater was 
not switched on. By studying figures Figure 7.12 and Figure 7.13, the effect on the de-
aeration with this approach was not as significant as the previous one. The end results are seen 
in 错误！未找到引用源。.  
 
Table 7.3: De-aeration results obtained by reducing pressure 
Mass of water (g) Mass of dissolved air (g) 
7.8 0.00557 
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Figure 7.12: Amount of water exiting the de-aerator by reducing pressure 
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Figure 7.13: Amount of dissolved air released from the body of water 
 
No significant effect on de-aeration was observed with this approach, by observing the above 
figures. In the first 4.5 hours of the experiment, about 0.0056 g of air had been removed from 
the water. Within the same duration, nearly 0.1 g of air was found to be removed.  
7.2.3.3 Combined effects of both temperature and pressure  
The 3rd run of experiment was conducted at both elevated temperature and reduced pressure. 
The graphical results are presented in the following Figure 7.14 and Figure 7.16.  
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Figure 7.14: Amount of water exiting the de-aerator 
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Figure 7.15: Amount of dissolved air released from the body of water 
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Figure 7.16: Rate of the amount of water released 
 
Table 7.4: De-aeration results obtained by increasing temperature and decreasing pressure 
Temperature (ºC) Mass of water (g) Mass of dissolved air (g) 
25 71.4 0.0502 
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7.2.4 Results and Analysis 
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Figure 7.17: Amount of water exiting in the system between different experiments 
 
In the end, 71.4 g of water had been recorded to be flowing out of the system, which was a 
result of 0.0502 g of dissolved air removed from the body of water.  
 
Table 7.5: Air solubility in water 
Pressure, abs (atm) 1 2 3 4 5 6 
Dissolved Air in Water (g/kg) 0.023 0.045 0.068 0.091 0.114 0.136 
 
As shown in Table 7.5, according to ‘The Engineering Toolbox’, at room temperature, 25 ºC, 
and pressure of 1 atm, the amount of dissolved air in the water was 0.023 g/kg [39].  
 
Since the total mass of the water in the rig was 2.62 kg, the initial dissolved air in the water 
could be calculated as 2.62×0.023 = 0.06026 g.  
 
Therefore, although pressure had much less impact on the water de-aeration compared with 
temperature, there is benefit from two effects being combined.    
CHAPTER 7: RECOMMENDATIONS FOR FUTURE WORK 
 
 
   
   
 
99
 
Figure 7.18: Schematic showing how to remove dissolved air existing in the water prior to entering 
CDP unit 
 
A similar de-aeration method could be applied to the CDP rig, such as suggested in Figure 
7.18. Hot water at temperature of 90 ºC is first introduced into a fully insulated and sealed 
water tank. The hot water tank is at an elevated level, approximately 5 m above the ground, 
which will have the effect of lowering the pressure inside the tank approximately half of 
atmospheric pressure.  By this mean, de-aeration can occur. Several hours are needed before 
the start of CDP testing, in order to have a thorough de-aeration of the feed water. It is noted 
that a vacuum pump is installed at the top of the water tank, and is used to evacuate the air 
towards the end of the de-aeration process.   
 
7.2.5 Information on non-condensable gases in geothermal water 
The dissolved gases contained in geothermal fluids mainly contain carbon dioxide (CO2) and 
hydrogen sulphide (H2S). Also, there are small amounts of ammonia, hydrogen, nitrogen, 
methane and radon, and minor quantities of volatile compounds of boron, arsenic, and 
mercury [40].  
 
As geothermal fluids are brought to the surface they undergo rapid depressurisation with the 
associated liberation of many of the dissolved non-condensable gases. The principal 
environmental concern related to high enthalpy geothermal developments is the liberation of 
CO2 into the atmosphere and subsequent effect on climate change. This effect is, however, 
small compared to other energy sources that rely on combustion of fossil fuels.  
CDP 
Unit  
Vacuum 
Air venting out 
of the system  
Vacuum 
Pump 
 
Water 
tank  
5 m 
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H2S emissions from geothermal fluids do not contribute to acid rain or global climate change 
but do create a sulphur smell that some people find objectionable and they are toxic at high 
concentrations. The range of H2S emissions from geothermal plants is 0.03–6.4 g/kWh. The 
removal of H2S from geothermal steam is mandatory in the United States. The Stretford 
process, which produces pure sulphur and is capable of reducing H2S emissions by more than 
90% is the most commonly used control method. More recently developed techniques include 
burning the hydrogen sulphide to produce sulphur dioxide, which can be dissolved, converted 
to sulphuric acid and sold to provide income [40].  
 
With regard to the development of the low temperature geothermal resources of Victoria, 
there is effectively no discharge of gas associated with the recovery and use of the warm 
water. Accordingly there is no chance of air pollution or greenhouse gas emissions associated 
with the development of geothermal resources in Victoria.  
 
7.3 Dual geothermal system for fresh water production and power generation   
A new project, funded by the Australian Research Council (ARC), Greenearth Energy Ltd and 
RMIT University, known as a dual geothermal system for fresh water production and power 
generation’, has been successfully launched. The primary aim of this project is to develop an 
efficient dual geothermal system to simultaneously produce electrical power and fresh water. 
The naturally occurring, hot saline water with temperatures of between 90°C and 150 °C, 
available from geothermal reservoirs at depths of between 2,000 m to 4,000 m, will be utilised 
and introduced to the Combined Desalination and Power Generation (CDP) unit. 
 
By taking 2000 L, or 2000 kg, of hot saline water at temperature of 150 °C, this dual 
geothermal system has the potential for producing 15 kWhr of electricity as well as 400 L of 
fresh water, which are close to the average energy and fresh water consumption of a standard 
household per day. This is explained as follows:  
 
CHAPTER 7: RECOMMENDATIONS FOR FUTURE WORK 
 
 
   
   
 
101 
7.3.1 Power Generation  
As already mentioned, the mass and temperature of the feed hot salt water are 2000 kg and 
150 °C respectively. In addition, assume the condenser temperature, TC, of the CDP unit to be 
30 °C, and the power generation of the system can then be calculated.  
 
Given: TH = 150 °C, TC = 30 °C, m = 2000 kg 
 
( ) ( )
kWhrW
MJkJQE
T
T
TT
T
kJTTmcQ
CDPin
trilateralCDP
H
C
CH
C
trilateral
CHpin
12.226.23/63.79
632.7979632079.01008000
079.0158.05.05.0
158.0525.23336.011
423
303ln
303423
3031ln
1008000301502.42000
==⇒
==×==∴
=×=≈
=×−=+×
−
=+
−
=
=−××=−=
η
ηη
ηQ
 
 
As shown above, the power production of the unit is 22.12 kWhr. After taking into account 
some necessary energy consumption during the operation such as running vacuum pump and 
pumping water, a reasonable net power output would be approximately 14 kWhr.      
 
7.3.2 Fresh Water Production  
The total amount of heat dissipated in the condenser, CQ , can be given by 
kJQQ CDPinC 368,928079.01008000 =×== η  
 
The temperature of vapour produced as the result of expanding the hot liquid will be same as 
Tc, 30 °C, which corresponds to hfg = 2441.8 kJ/kg. Therefore, the total mass of the vapour 
can be worked out as follows,  
kg
h
Q
m
fg
C
vapour 2.3808.2441
928368
===  
 
Since all the vapour will be eventually condensed into fresh water, it means the fresh water 
production of this unit will be 380.2 kg, which is close to 400 L.  
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Figure 7.19: Schematic of the new system 
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Chapter 8 Conclusions 
 
In order to maximise the power output, a series of experimental tests were performed on the 
CDP unit, at feed water temperature of 90 ºC, with two different turbine configurations. Tests 
were carried out under different electrical loads in order to determine the maximum power 
output. For the Barker’s Mill turbine, the power generation peaked at close to 430 W, under a 
load of 100 Ω . The corresponding turbine rotor speed was found to be approximately 2350 
RPM.  
 
In comparison, tests were conducted on the CDP unit installed with the novel disk turbine. 
Typically, the thermal energy possessed by the feed hot water is converted into mechanical 
energy by using a two-phase reaction turbine, and then electrical power via a generator. The 
essential process of the conversion relies on the design of the turbine rotor to a large extent. 
The novel disk rotor features a unique design with its aerodynamic shape and its special spiral 
nozzle flow path. This was found experimentally to have enabled rotational speed double that 
of the Barker’s Mill Turbine configuration, and therefore had a great potential for more power 
generation.  
 
It is noted in regards to the disk turbine rotor configuration, a higher load to the CDP unit was 
proved to be more suitable for achieving steady state operation. It can be seen from the results 
that approximately 5 minutes of steady state operation was achieved, and a maximum power 
output of 200 W was produced, which was associated with a rotational speed of 
approximately 4000 RPM. It is apparent that some mechanical energy had been lost, possibly 
because of excessive friction caused by the relatively heavy disk rotor. However, the ability of 
the new rotor to operate at higher speeds indicates potential for much higher power generation.      
 
Also, in light of the preceding discussion, the conclusion can be drawn that the CDP unit is 
capable of producing fresh water. Tests with feed brine temperature at 90 ºC resulted in fresh 
water output at a rate of 2 to 2.5 litres / min. This corresponds to a recovery rate of 15 to 20 %, 
given the feed brine flow rate.  
 
In addition, isentropic efficiency was calculated based on the actual experimental data, which 
resulted in approximately 10 % for both types of turbines. An alternative, also a more 
theoretical, approach was also used to calculate the isentropic efficiencies, by taking 
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advantage of the steady flow energy equation. The results were found to be higher than the 
previous ones, which indicate that better nozzle designs are probably desired. Knowing that 
the CDP unit incorporating the disk turbine has a great potential for improvement in power 
generation, its isentropic efficiency is expected to increase with further development.   
 
Moreover, during tests, obvious pressure increases in the chamber were experienced, which 
adversely affected power generation performance as previously discussed. Therefore, question 
is raised as what could possibly cause this undesirable pressure increase. This could be 
attributed to release of the dissolved air carried by the feed brine as it was entering the CDP 
unit. Therefore, a de-aeration experiment was set up to study the effect of dissolved air on 
pressure, and possible means of removing it by increasing the water temperature and reducing 
the pressure. 
 
Last but not least, the present research on the CDP unit will be continued and a collaborative 
project of a dual geothermal system will be developed. It has a great potential for the effective 
utilization of lower temperature hydrothermal waters in Australia for both fresh water 
production and power generation. An example would be units capable of producing up to 15 
kWh of electrical power and 400 L of fresh water per day for remote applications.  
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Appendices 
Appendix A: Experimental Data 
 
Data Recorded by MV200 Data Logger 
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Key Parameters Recorded During Tests 
 
 
 
 
 
 
 
 
 
 
 
Parameters Unit Measurements (Readings) 
Resistance  
 
Ω Light Box 
Thot water max  
 
°C (89) 
Volume flow rate of cooling 
water  
 
L / s 2.3 
Mass flow rate of cooling water
 
 
Kg / s 2.3  
Total pressure of cooling water 
 
kPa 300 
Pressure of cooling water 
upstream 
 
kPa 100 
Pressure of cooling water 
downstream 
 
kPa 40 
Time Start 
 
 13:31 
Time end 
 
 14:03 
Pstart 
 
kPa 4.95 
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Measured Feed Brine Volume Flow Rate 
  
Time  Measured Volume Flowrate (LP M) 
13:32 14 
13:34 13 
13:35 13.5 
13:36 14.5 
13:38 17 
13:39 17 
13:40 16.5 
13:41 16 
13:42 15.2 
13:43 15 
13:44 14.2 
13:45 13 
13:46 12.1 
13:47 11.5 
13:48 11 
13:49 11 
13:50 10.7 
13:51 10.2 
13:52 10.1 
13:53 10 
13:54 10 
13:55 9.9 
13:56 9.8 
13:57 9.8 
13:58 9.6 
13:59 9.7 
14:00 9.8 
14:01 9.8 
14:02 9.8 
14:03 9.8 
 
 
 
 
 
APPENDICES  
 
 
   
   
 
114 
Appendix B: Manufacturer Specifications Sheets for Different Equipment 
 
DC Motor Specifications 
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Renold Coupling: 
 
 
Schematic of spider coupling S15C 
 
 
Specifications featuring the detailed dimensions corresponding to the above figure 
Bore A Dimensions Coupling 
Number 
Power 
/1000rpm 
kw 
Torque 
Nominal 
Nm 
Speed 
Max 
rpm 
Max 
mm 
Min 
mm 
Stock 
Bore 
mm 
B 
mm 
C 
mm 
D 
mm 
F 
mm 
Mass 
kg 
S15C 0.061 5.83 6500 20 0 12 38 14 38 11.8 0.26 
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Flow meter Specifications: 
 
 
 
 
The Series UV In-Line Polysulfone Flow meter measures the flow of water, air, and other compatible 
media at temperatures up to 212°F (100°C) and pressures up to 150 psi (10.34 bar). This flowmeter’s 
highly corrosion-resistant materials suit it ideally for use with de-ionized water and ultra-pure 
applications, including food processing, medical equipment and reverse osmosis water systems. 
 
SPECIFICATIONS  
 
Service: Compatible liquids. 
Wetted Materials: Polysulfone body, Viton® O-Rings and Virgin 
PTFE float. 
Temperature Limits: 35 to 212°F (2 to 100°C); 35 to 130°F (2 
to 54°C) for PVC Fitting Option. 
Pressure Limit: 150 psi (10.34 bar). 
Accuracy: ±2% Full Scale @ 70°F +/-2 F (21.1°C) and 14.7 psia 
(In line connection rating only). 
Repeatability: +/-1% full scale @ 70+/-2°F (21.1°C) and 14.7 
psia (In line connection rating only). 
Process Connections: 1˝ female NPT. Optional 90° Polysulfone 
Elbow – 1˝ male NPT. 
Scale Length: 6˝ (152.40) – 7˝ (177.80), depending on model. 
Fitting Torque: Maximum 22 ft - lb. 
Weight: 1 lb (457 g) (for 20 GPM range). 
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Alfa Laval Plate Heat Exchangers 
 
 
 
 
 
Specifications of the plate heat exchangers shown in the above figures 
Media Inlet Temp Outlet Temp Flow Rate Pressure 
Drop 
Liquid 
Vol 
Steam 
99.5% Air 
0.5% 
Mixture 
S1 30.0 °C T2 21 °C 0.004167 
kg/s 
0.3804 kPa 2.4 dm3 
Water T3 20.0 °C T4 25 °C 0.4872 
kg/s 
1.133 kPa 2.5 dm3 
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Greenland Systems Evacuated & Heat Pipe Tube Solar Collectors 
 
Collector Type GL70-20 GL70-40 GL100-08 GL100-16 GL100-24 
Construction HP1 DHI2 
Number of Vacuum Tubes 20 40 8 16 24 
Tube Dimensions 
ø x Length (mm) 70 x 1750 70 x 1750 100 x 2000 100 x 2000 100 x 2000 
Collector Dimensions 
Length x Width (mm) 1900 x 1900 1900 x 3840 2150 x 980 2150 x 1960 2150 x 2980 
Weight (inc Support 
Frame) 74 kg 148 kg 49 kg 96 kg 145 kg 
Fluid Capacity (Litres) 0.80 1.60 0.48 0.96 1.44 
Fluid Pressure Drop 
@ 240 l/hour 2.0 kPa 4.0 kPa 0.8 kPa 1.6 kPa 2.4 kPa 
Solar Aperture Area 2.2 m2 4.5 m2 1.5 m2 3.0 m2 4.5 m2 
Absorption Coefficient 93% 
Heating Capacity3 (Watts) 1,550-1,700 3,100-3,400 1,030-1,130 2,050-2,250 3,080-3,380 
Annual Energy Yield4 1,580 kwh 3,160 kwh 1,050 kwh 2,100 kwh 3,150 kwh 
35mm Hail Test PASS 
Plumbing Connectors Supplied with each collector 
Footnotes:  
1. 1 HP: Heat Pipe Vacuum Tube Solar Collector  
2. 2 DHI Dry Heat Interface  
3. 3 Heating capacity measured at 1,000 W/m2 of normal insolation  
4. 4 Approximate annual energy yield (average in cold parts of Australia)  
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Appendix C: Drawings for CDP unit 
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Appendix D: Calculations  
 
Isentropic Efficiency Calculation for Disk Rotor: 
 
 
 
And,  
2222 vPuh +=  
 
Q The hot input water remains at liquid state from ‘1’ to ‘2’ 
( )
12
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/8349.3660049.083.366
/0049.0001.049
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Therefore, in this case, the centrifugal pumping effect is negligible due to ‘r’ being so small.  
 
If the expansion taking place along the nozzle is isentropic process, the specific enthalpy at 
the nozzle exit, ,'4h  can be calculated, as shown below:  
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Isentropic efficiency is given by 
( ) ( )5'4224
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Therefore, the actual specific enthalpy at the nozzle exit, 4h , can be obtained, given the 
isentropic efficiency.  
 
kPaP 3.150493.101
10002
0225.044010003.101
22
2 =+=
×
××
+=
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Assume 3.0=iscη , and then solving equation (5) gives, 
( ) ( ) kgkJhhhh /66.36292.35283.3663.083.3663.0 '4224 =−×−=−−=  
 
The produced power by the turbine rotor can be also related to torque T and angular velocity 
ω  in the following form, 
ωTW out =
.
  (6) 
where torque T, due to change in the angular momentum, is given by equation, 
RVmT a4
.
=   (7) 
Equation (6) can be then rewritten as,  
ωRVmW aout 4
..
=   (8) 
Then ac4  and outW
.
 can be estimated by combining equations (2) and (8), as follows 
( )
( ) ( )
( ) ( ) ( ) ( )
smV
hhRRV
hhVRV
RVmW
VmhhmW
a
a
aa
aout
aout
/82.388882.1268340774488
66.36283.36624402.04402.02
90
2
1
2
1
4
2
41
2
4
4144
4
..
2
4
.
41
..
=−=++−=⇒
−×+×+×−=−++−=⇒
=−−+⇒





=
−−=
ωω
ω
ω
 
Substituting ac4 = 38.82 into equation (8) will solve for outW
.
,  
WWW
WRVmW
motormechoutE
aout
4.7438.08.05.1161
5.11614402.082.3834.0
..
4
..
=××==⇒
=×××==
ηη
ω
 
 
Try 12.0=iscη ,  
( ) ( ) kgkJhhhh /16.36592.35283.36612.083.36612.0 '4224 =−×−=−−=  
 
smV a /28.178828.10533407744884 =−=++−=  
WWW
WRVmW
motormechoutE
aout
88.3308.08.0517
5174402.028.1734.0
..
4
..
=××==⇒
=×××==
ηη
ω
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Appendix E: Map of Geothermal Exploration Site 
 
 
 
Map of GEP 10 owned by Greenearth Energy, contains insulating sediments overlaying Palaeozoic 
basement 
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Appendix F: Photos of key components of CDP unit  
 
Data logger 
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CDP unit during assembling 
 
 
 
 
 
